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FOREWORD

The effort described in this document was performe: by Dynemic Controls, Inc.

of Dayton, Ohio under Air Force Contract F33615-79-C-3602. The work under the
contract was carried out in the Flight Dynamics Laboratory, 4ir Force Wright
Aeronautical Lsboratories, Wright-Patterson Air Force Base, Ohio. The work was

aduinistered by Mr. Gregory Cecere, AFWAL/FIGL Program Manager.

The authors wish to express their appreciation to Dymamic Controls,
Incorporated personnel: Mr, Heinrich J, Weig for his contribution in the areas
of analysis, design and fabrication of the Multipurpose Actuation System Test
Rig (MASTR) and flutter suppression hardware, and Mrs, Linda Pytosh for her

extensive efforts in the report preparation,

This report covers work performed between May 1979 end February 1985, The

technical —eport was submitted by the authois in June 1986.
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SECTIOW 1.
MASTR

General Discussion

The Multipurpose Actuation System Test Rig (MASTR) was designed to evaluate the
performance of flight control actuation systems that are integral with the
control surface under static and dyoaxmic load conditions. Exsmples of such
systems are mission adaptive wings, hinge line actuation systems and actuation
systews with rotsary outpuis. The componsnts of the MASTR are the reaction
structure and the individual load <harvnels consisting of 1cad actuators and
their asgociated conirol electronics. Thirty eix individusl load channels asre
provided with the MASTR.

Figure 1 is a photograph ¢ the reacticn structure and the load actuvators. The
load actuators are sttached to & test plate used in verirication tests of the
load channel performance. The reaction atructure provides a mounting table for
the test specimen and rigid reaction pcints for ihe 35 hydraulically operated
load channels. The load actuators are divided into 18 upper and 18 lower
units. For each 18 actuators, 12 are provided for distributed loading on the
trailing edge of a test specimen and 6 actuators for the leading edge. The
trailing edge of the test specimen would be located at the left of the specimer
mounting table shown in Figure 1 and the leading edge located to the right.
The attach points of the loading actuators are moveable in the horizontal plame

in order to adapt to configurastions requiring different loading directions and
load points.

Figure 2 is 4 photograph of the MASTR's electronic control comsole. The
console houses the e'ectromics which provide closed loop control of each load
channel. The console also provides automatic data logging, local or remote

input signal mselection, load gain control, force limit set pouints and outputs
for performance measurement.

The control system of the MASTR includes failure protection bhardware to protect

the test specimed from excessive loads. The protection is both electromic and
hydromechz2rnical.

System 8pecifications

The 36 load channels are desigred to operate independently. The

general
specificatiuns for each channel are the following:

Output force . . . « .« . o « « » . #1GC 1bs to #2000 1bs

Actnator Velocity « « . « + « « . 20 in/sec

Dypamic Losd Tracking . . . . . . <+100 1bs @ rated velocity

Load Hysteresis . . . . . . . . . +50 1bs

Load Threshnld . . . . . . . . . . <+2.0%

Fail Safe Limits . . . . . . . . . +100 1bs to +2000 1lbs
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Figure 2. Electronic Control Ccnsole



The specifications for the structural framework providing the support for the

test specimen and the reaction points for the loading actuators are the
following:

R i T

Outsice Dimensions . . « « « < + o « « 156" L x 115" W x 151" H

5 Maximum Test Specimen . . . « . o o o . 120" L x 92" Wx 3C"H
Specimen Table . . + « v o o o « o o« o« 46" Lx 92"W
Reaction Stiffuess . « « ¢ « ¢ « 2 o = o« 2 1x 10® 1bs/in

Structural Elements Resonant Freq. > &5 Hz

* o 4

VA AL T TLR AT Teads

The frameworl is constructed as a bolted together assembly of welded sections.
The upper and lower cross beam members are bolted in, with corner braces for
torsional stiffness. The structure car be expanded to accommodste larger test
specimens by inserting extensions. The vertical coluinns incorporate cut-outs

to allow filling the columns with dry sand if increased structural damping is
required.

The specimen table is constructed with removeable clamping plates to clamp ving
boxes to the table. Rotary actuators are mcunted to an intermediate support
: structure designed for the particular actuator. The intermediate structure is
: then bolted directly to the MASTR specimen table.

. e A AL TR S ATIL WO ST e

Hydraulic Load System Supply Description

The hydraulic load actuators with their manifolds and load transducers are
designed as rcmoveable units. Figure 3 illustrates the load actuator location
punbering system vsed with the load system. The load actuators are powered by

; the 240 gpm, 3000 psi hydraulic system used in the laboratory area in which the
: MASTR 1is inetalled.

The hydraulic plumbing system for the MASTR is divided into two separate
gystems with shut-off valves in the pressure and return lines. Ope section
supplies the upper load actuators and the other supplies the lower load
actuators. Hydraulic distribution manifolds are provided as shown in Figure 4
for the upper trailing edge, upper leading edge, lower trailing edge and lower
leeding edge actuators. The flow demand of the actustors when operatiug at 10
Hz and 10% of full scale amplitude was used to size the hydraulic connection
lines. A line flow velocity limit of 15 feet/second was used to determine the
interconnecting tubing dismeters. The hydraulic line sizing resulted in the

following different hydraulic line sizes for cownection to these MASTR '
components :

Trailing Edge Manifolds . . . . . 2 inch diameter :

Leading Edge Manifolds . . . . . 1.25 inch diameter

Control ACtuators « « » « o &

. . 0.50 inch diameter

Four 2.5 gallon bladder type accuuulators were used with the plumbing and were
Two accumulators were used for each hydraulic

mounted on the structure,
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section, one tror the pressure line and one for the return line, Figure 4 is a
schewmatic of the hydraulic distribution system.

Servovalve Selectior

Two types of servovalves were considered for the MASTR load centrol. These were
the pressure control and flow control type valves. Pressure control valves
incorporate pressure feedback internmally in order to produce an outpuf preSsure
proportional to input current. Typical blocked port frequency responsc for the
load pressure is vominally 20 Hz for pressure control valves. The response
degrades dramatically with increasing output flow demand.

Flow control valves are designed to provide an output flow proportional to
input current. The cutput pressure gsin is typicaliy "supply pressure/l% input
current” or higher. For a control valve supplied with 3000 psi and requiring
0.020 amperes for full flow, the pressure gain is nominally 15,000 psi/ma. This
high pressure gain makes control of low ocutput force levels difficult. The
input control signal level required for changes of 50 to 100 psi output
pressure are within the ugusl noise levels cf the couwtrol system. By
"breaking" the pressure gain of the flow control control valve with either a
bypass crifice or underlap on the control valve edges (or both), a flow control
valve can be used for load controi. The pressure response of the flow coatrol

valve with flow demand will generally be better wher a flow control valv- is
used than when e pressure control valve is used,

Moog Model A~067 servovalves rated at 10 gpm flow with 1000 psi pressure drop
across the valve and manufactured with 3% underlap on the control edges were
uged for the MASTR. The 3% underlap condition wag racommended by the valve
munufacturer, The 10 gpw flow specification was determined by the requirement
to exceed the flow reguirement for the load actuator (with a drive area of 0.98
square inches) operating at a rate of 20 inches/second. The 20 inch/second
rate for the load actuator requires an input flow of 509 gpm. The 10 gpm valve

was the nearest standard valve which would exceed the maximum rate requirement.

Each servovalve was used with a variable orifice counecting *the cylinder ports.
The crifices were used to trim the valves to a pressure gais of 500
psi/miiliamp. The valves and orifices were installed as a matched set. The
average leakage flow for the servovalves was measured at 1 gpm.

Hydraulic Manifold Pescription

Figure 5 is a schematic of the hydraulic manifold used for each of the load
actuators. The manifold is the interfaces of the servovalve to the load
actuator cylinder. Mounted on each manifold as plug~-in units are the variable
orifice connecting the servovslve cylinder ports together, two p.essure relief
valves and a solenoid operated bypass valve. The variable orifice is used to
establish the pressure gain of the servovalve. The pressure relief valves are
conoected between the servovalve cylinder port lines and return. These relief
valves are uesed for hydromechanical load limiting for each load actuator. The
solenoid operated bypass valve is used for electronic load limiting. Output

load forces greater than preset limits are electromically detected and used to
bypass the load actuator.
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The internal porting of the wmanifold was sized to have less than 100 psi
pressure drop at a flow rate of 10 gpm. The following is a list of the
compopents used as pert of the manifold:

Servovalves:

Manufacturer . . . . . . . Moog

Model . . ¢« .« ¢ o s+ « A-076-10S

Flow « v « ¢ ¢ « ¢« . « « . 10 gpm @ 1000 psi differential pressure
Lap Condition . . . . . « 3% underlap

Coil resistance . . . . . 400 ohms

Rated Current . . . ., . . #0.008 smperes

Gperating Pressure . . . . 3000 psi

Bypass Solenoids:

Manufacturer . . . . . . . Fluid Power Systems

Model . . .. ... ... 107-115 (normally closed)

Operating Pressure ., . . . .00 psi

Flow - . « . v 4 & 5 « + « 10 gpm €@ 50 psi differentisl pressure
Operating Voltage . . . . 110 VAC @ 60 Rz

Holding Current . . . . . 0.4 anp2res

Aljustable Orifice:

Manufacturer . . . , . . . Sun Hydraulics

Model . . . .. ..« .« NFCBLDN

Uperating Pressure . . . . 3000 psi

Orifice Ares Renge . . . . 0.90 to 0.093 inch effective diameter

Relief Valves:

Manufacturer . . ., . . . . Racipe Hydraulics
Hode] . o ¢« s e r 2 e = @ 1351"3

Flow . « « « v « v ¢« ¢+ o 5gpm @ 5 psi differential pressure
Operating Pressure . . . . 3000 psi maximum

Control Actustor Description

The control actuators used for the load syctem are double acting commercial
cylinders with modified rod seals. A design output force of 2000 1bs while
moving at a wmaximum rate of 20 inches/second was used for cylinder size
selection. The cylinder selected has a 1.50 inck diameter bore and a 1 inch
diamet' r rod giving a arive area of 0,98 gsquare inches. The desigp output

force is met with nowinally 16C0 psi drop across the control valve at the 20
inch/second actuator rste.

Standard commercial ~cylinders manufactured by Sheffer were selected a8 Yoad
actustore because of their basic low friction design. The actuators usge a
filled Teflon wear strip as a piston beariug and glass filled Teflon piston
scals. The actuator rod seals used by Sheffer weire a presgure energized "W"
type seal. As illustrated in Figure 6, the "W'" seals were replaced with lower
friction slipper seals in erder to minimize the load actuator’s internal
friction. The threshold of a load control actuator is a direct function of the
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actuator’s internal friction. The rod seel change reduced the internal
friction force of the load actuator from a nominal 100 lbs to 40 lbs.

Two load actuutor stroke ranges are used ir the MASTR. Both 10 inch stroke and
i7 inch stroke actuators are used. The two range of stroke actuators
accommodate the expected output motion of test specimens.

Instrimentation Transducers

The output of each load control actuator is connected through a load cell to
the reaction structure in order to provide a load megsurement signel. The
load cell output signal is uvsed for load channel feedback, load measurement and
. for failure detection. The load cells used are s strain guage design

manufactured by Lebow as part number 313Z~5¥, Thes rated maximum force for the
load cell is 5,000 1bs in tension and compression.

Four position tramsducers are used for trailing edge position measurement.
Three position trsnsducers are used for leading edge position measurement. The
traiiing edge position transducers have a 24 inch stroke and a 6,500 ohm
resistance element. The leading edge position transducers have a 12 iach stroke
and a 3,200 ohm resistance element., Both position transducers have a rated
linearity of 0.52 fuil scale. The trasunsducers are produced by Waters
Manufacturing Company as part numbers LF~S-12/300-E-B and LF-S-24/600-E-B for
the 12 and 24 inch stroke, respectively.

Control Console Description

The controul console shown ir Fignre 2 contains he comtrol citcuiie
used with the KMASTK. In the lower right hand sectiom, the ccnsole contains the
power supplies sud optically isolated relays fcr the bypass solenoids. The
input~output wiring interface is installed in the left rear section. The
switches which appear on the lower right panel in Figure 2 are used to apply
11C velt AC to the power supplies, The left and right switches provide power
for the upper and lower load actustor bypass solenoids, respectively.

2ll of ¢

L
L3

The upper three sections of the console contain the load channel control
electronics. The right and lef: hand sections are dedicated to the upper andg
lower lcad actuator control. The top four chassis contain five self-contained
load countrollers each. Two modules in the fourth chassis from the top are used
for spare module storage. The bottom chassis of the left and right sections
are used for monitoring, status indication and the over-load slarm electronics. *

e L2

A

The center of the console is shared by both the left and right load actuator .
, control sections. This section contains the signal condioners for surface

position, an input pane! and a data logger that can monitor up to 40 channels N
of data.

Figure 7 is a rear view of the control console showing the location of the
coptrol electronics for load actuators as 1dentified previously in Figure 3.
Figure 8 is a photograph of the control console rear, showing the construction.

The control console provides 36 chanpels of load loop contrel, signal a
conditioning, signal monitoring, input/output signsl management, power supplies
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and isolated solenoid drivers. The lccation of the plug/jack or modules are
identified by the tollowiug nunbering system:

XX - X - XX -~ X - XX
1 2 3 4 5

Where: 1 = Chassi¢ section location

2 = Racx location within the section, numbered
from top to bottom

3 = Plug or jack in rack, P & J for standard plugs and jacks
RJ & RP identifies flat cable connections

4 = Plug or jack pumber in a particular rack, numbered from
right to left when viewed from the rear

5

Pin nuwmber to the comnector

For example, A-2-J-1-4 identifies Section A (lower load control), second rack
from the top, first jack from the right (load control channel 5), Pin 4.

Losd Coatrol Medule Desacription

Figure 9 is a pkotograph of the load contrcl module’s front panel. Figure 10
shows ihe internal construction of the module with its printed circuit board.
The specifications for the module are as follows:

Input Voltage . . + . . - . +10 vdC

Ioput Impedance . . . . .« . . . . >] meg-ohm
Gain Range . « .« - ¢« « « . « « « 0.0 to +200 1b/volt
Load Limit Range . .+ . « . « . « 0,00 to +2000 1b

OQutput Current . . . . . « « + « #0.02 amperes

The fuactions of the controls shown on the front panel of the load controller
are as follows:

Panel Schematic Descriptive Function
Label Label
IN TP 1

This test point gllows the monitcring of the
external input and/or the surface position

input at the output of the gain potenviometer
R14.

GAIN R14

This ten turn potentiometer provided to adjust
the external input and/or position input to the
desired level from zero to 100% (100X = 206G
lbs/volt). The potentiometer setting is also
displayed iun monitor section of the control hy




LOAD CONTROL

Figure 9. Load Control Module Front View
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Panel
Label

BIAS

EXT,
INPUT

FORCE
POS,

RATE
GAIN

RATE

LOAD
CELL

LOAD
CELL
GAIN

LOAD
CELL
GAIN

LOAD
CELL

Schastic
1 bel

R15

TP3

28

si

§2

R9

R7

S4

R8

TP 4

Descriptive Function

addressing the desired chamnel., 100Z = 200
lbs/volt.

This ten turn potentiometer is provided to
adjust the force bjias to be applied to the
channel. The range is #10 volts. A pot setting
of 0.50 equal to zero volte,

This test point monitors the sum of external
input, position input, bias and rate feedback
which is the commarnd sum, CS.The scaling at
this point is 200 1bds/voit.

This test point provides a monitor fer the

current through the servovalve, Ig, with a
scaling of 100 ma/volt.

This switch connects the applied externsl input
signal to the 1nad controller in the up
position and zero volte ic the down position.

The load controller will provide a f rce
proportional to the surfsce position when the
switch is in the up position and zero volts
ipput in the dowa pesition.

The rate gain potentiometer provides a gain
adjustment for rate feedback up to 20
volte/sec.

This test point provides a moaitor for the rate
feedback.

This tweuty turn panc! mounted potentiometer
is used for caiibration, providing a +202
adjustment of the nomiasl load cell gain of 200
lbs/volts.

This detented switch must be pulled out to
operate. The awitch provides a calibration
voltage for the load cell.

This twenty turn potentivometer is provided to
adjust the signal conditioner null voltage
(with a range of + 1.00 volt.)

Inis test point is provided to monitor the load

output of the signal conditioner. The scale
is 200 1bs/volt.




Panel Schematic Descriptive Functien
Label Label

+TP TP6 This test point is previded to monitor the
(extend) force limit set by the "+LIM" poten-
tiometer. The scale factor is 200 lbs/volt.

FAIL Ll This LED illuminates when either the + or -
limite are exceeded.

-TP TPS5 This test point is prcvided to monitor the -
(retract) force liwmit set by the "-LIM" poten-
iometer., Scale factor is 200 1bs/volt.

+LIM R3 This twenty turn potentiometer is provided to
adjust the + force limit from 0 to 10 volts
with a scale factor of 200 1bs/volt.

RESET $3 This momentary switch is provided to reset
failures.

~LIM R11

This twenty turn potentiometer is provided to
adjust the - force limit from 0 to 10 velts
with a scale factor of 200 lbs/volt.

Figure 11 is a scnematic of the load controller circuitry. The external imput
is buffered by Al-A and then selectively chosen by the opersntor using switch
Si. The position input for an operational mode where the force ie proportional
te surface posiiivu is selected through £2 and summed with the external imput
at A2-A (vith a gair of 1.0). The summed input signal passes through the DPST
electronic relay to the "GAIN" pot Rl4, The functican of the electromic switch
is to allow the operator *o visvually monitor the gain setting with the digital
volt meter (DVM) on the wmotitor panel. The solid stste relay is pulsed by a
signal whose oo state is 20 x 10~® geconds, and off time is 2 x 10-? seconds.
While the relay is on, 10 VDC is applied to K14, aud simul taneously the Ri4

output is captured with s sample and hold in the monitor then displayed on the
DVM.

Once the gain pot is set, the external and/or position cignal is summed with a
rate input (from R9) and a force bias input (from R15) at A2-B at a gain of
1.0. This command sum, Cg, is connected to A2-A through the second half of the
Bolid state relay AS-1. The function of AS-11is to provide a zero command to
the losd servovalve when the preset force limits are exceeded. The command sum
signal is summed out of phase with the force feedback signal to create the
appropriate forward loop error which drives the current feedback amplifier.

The current amplifier has a gain of 2 ma/volt with bias prov.sions to adjust
any null errors within the servovalves.

The load cel) signal conditioner is an instrumentation smplifier with an
adjustable bias and gain. S4 and R42 allow the instrumentation amplifier to be
locally calibrated by actuating S4 and trimmicg the gain to match calibration
values. This feature eliminates the requirement o remove each entire load
actuator asgembly in order to calibrate the load celis.

The calibrstion values
inzlude the mass ¢f the actuator assemblies.
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The load force signal is connected to A3~-A for monitoring and to the force
overload limit circuitry. The force limit circuit uses a quad comparator thst
first determines if the signal is within the adjustable limits set by RI( and
R1l. Each of these potentiometer outputs are monitored locally through panel
test points and displayed un the DVM in the wmonitor panel. The scale factor is
get at 200 ibs/volt. Once the limits ara exceeded, the remaining comparators
act as a latch to drive Q), which il.uminates the LED (L1). The output of Q]
is connected to the monitor panel to define the failure location and sound an
audible alarm. The failure comparator is reset by switch 53. Each load
control circuit board has bypass capacitors conmected to the power input lines
to reduce the effects of iine poise and transients.

Surface Position 8igral Conditiocnex

The surface positicn sigral conditioners are contained in fr.r dual channel
moduies located in the top chassie of the center console. A of the modules
are interchangeable. Figure 12 is a front view of one surface position signal
conditioner. Note that the controls and test points for two channels are
mounted on the module”s front panel. Figure 13 is a rear view of the module.

This view shows the printed circuit beard used in the construction of the unit.
The specification for the module are as follows:

Input Impedance « « o ¢« « o o « o 2> 1.0 meg-ohm

Gain « . 4 4 v e « 4 ¢ o s e o « 0.00 to 0.60 volts/volt

Position Bias Range . . « « . . . + 10.0 volts

Output with MASTR transducers:
(#10 volt Position Transducer
Excitation)

12 Inch Stroke . . . . + . . 1.66 volts/inch

24 IuCh Stroke * o o . LI} . 0.83 VOltB/inCh
Rate Signal Output . . . . . . . 0.160 volts/vclt/second
{using position output)

Rate Signal Break Frequencies . . 62.8 radians/sec
(First Order Lag) and 628 radians/sec

The function of the front panel controls

for the position/rate module are as
follows:

Fanel Label Schematic label Descriptive Fuuction

POSITION R7 The twenty turn panel potentiometer

GAIN adjusts the position gain from zero
volts per inch to +).6 volts/volt,

NULL R8 This twenty turn pcotentioweter adjusts

OFFSET

the conditioner bias by +10.0 volts.




Figure ]2,

Position/Rate Module Front View
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Punel Label Schematic Label Descriptive Function

oUTPUT sl This three position switch directs the

DIRECTOR pogition output; UP = upper channels,
CTR = upper and lower channels, DOWN =
lower channels.

POSITION TP2 This is the monitor point for the
MON ITOR conditioned position sigral.

RATE TP1 This 1e the monitor point fer the
MOX ITOR conditioned rate signal.

Figure 14 is & schematic of one section (of two identical sections) used in the
prsition/rate module. The +10 VDC output of the linear position potentiometer
is buffered by Al-A. Rl in seriee with R7 is used to scale the input signal
range to +6 volts. The output of the gain potentiometer R7 is summed with the
output of bias potentiometer R8, Thie sigral is then routed to the preper
output by switch Sl

The rate aignal is gecerated by differemtiating the position signal with
operational amplifier A2-A. The gain of the differentiator is 0.16
volts/volt/second. The circuit has a first order lag break frequency at 10 Hz

and 100 Hz, Amplifier A2-B is used as 8 high iaput impedance buffer between
the differentiator and the rate output of the module.

Charnel Failure and Signal Momitor zg
Wi
The Channel Failure and Signal Monitor panels located on the lower left snd :‘
1ight of the control console top section provides a status indication for each
load channel sand au audible alarm upon failure of any channel. The panel also :;
incorporates sn addressable sigval monitor made up of an address thumb wheel S
switch and a voltmeter. i
R
The status of the J8 actuators monitored by each Charnel Failure and Signal ff-
Mcnitor panel is displayed on the left side of the psnel by 18 LEDs arranged in gﬁ,
the same general configuration as the load actuators. The LEDs illuminste when 0y
the force limits are exceeded. The audible alarm and bypass solenoids are .
triggered simultaneously with the LEDs. A switch to disable the audible alarm Sy
is mounted to the right of the LEDs. R -
Ry
The center and the right portion of the panel contains a 2 digit plus sign ?;
thumb wheel switch. To the right of the thumb wheel switch is mounted a A
digital voltmeter (DVM) aud two sets of test jacks. The thumb wheel switch is -
used to address the signal to be displayed on the DVM. The channels are "3
nymbered 1 through 18. The chsnnel number is added to a8 suffix in order to 3.
display a particular stgnal withkin a channel. (Channel 1 has an address of 01!, o
Channel 2 an addiess of 02, etc.,) The addresses used for the different signals »;;
within a channel are the following: e
n“l
BN
23
E.
[ T T S TN ) L TR A5 % T4 S R GRS TS VL% T A RIS M el ) B S R T 0, VT, G, W, 1)
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Basic Address Signal Addressed

+00 + Channel # Pogitive force limit voltage
-0 + Channel # Regative force limit voltage
+20 + Channel # Servo currest (100 wa/volt)
+40 + Channel # Command voltage Cg

+60 + Channel # The input gain potentiometer as a

percentage of full scale (107 =
1.0 volt)

In addition, the thumb wheel switca is used to address the outputs of the
position tramsducers and external inputs with the following addresses:

Basic Address Sigual Addressed

+81 to +84 The conditioned output of the four position

transducers connected to the trailing edge
of 8 test specimen
+83 to +87 The conditioned output of the three

position transducers connected to the
ieading edge of the test gpecimen

Addressing 18 accomplished by selecting the desired prefix and adding the
desired suffix. For example, if you want to view the servo current of channel
12, add 12 to +20 for a sum of +32. When the thumb wheel switch is set to +32,
the current will be displayed on the DVM with a scale factor of 100 ma/volt.

Thre signals can also be displayed on a dynamic analyzer, such as an
oscilloscope, by using the output jacks labeled "Monitor". There are no

elements within the monitor circuitry that will effect the dynamics of the
signal being monitored.

With an address of +00, the DVM will display any signal that is connected to
"External Input" jacks. The DVM has a range switch on the front panel that
will allow using either #2,600 volt or #20.00 volt full scale ranges.

Electronically the failure monitor is made up of 5 NAND gates (4 inputs each)
that receive a2 status signal frow each control module. The NAND outputs are
summed by 4 NOR gates (2 inputs each) which drive arother four input NAND gates
whose output turns on the audible alarm and drive the ouptically isolated relay
controlling the solenoid which bypaeses the particular load channel.

The electronics of the monitor use the thumb wheel switch to address one line
of the 15 Precision Monolithics MUX-08 2ight input multiplex switchcs. The two
position sign switch output is high or low (for the + or - selected). The
"tens" switch is ten position with a decimal output and the "units" switch has
ten positions with a binary coded decimal (BCD) output. The sample and hold
circuitry and "pot set" pulses are also developed in this section of the
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electronice. The use of the pulses were described previously in the load
control module descrintion.

Scolenoid Driving Relay Description

The bypass solenoids are actuated with 110 VAC and require 0.3 amperes holding
current, Optically isolated solid state relays (0OPT0-22, P/N CAC-15) are
energized by the failure or overload signal generated at the load control
module. Both the lower and upper load actuator systems have I8 of the solid
state relays mounted on a chassis. The relay chassis is located in the lower
rear 8Section of the desk comsole as shown previously in Figure 8. The
opticelly isolated solid state relays offer a considerable reductioca in the

control signal transients resulting from energizing and de-energizing inductive
relay coils.

Data Logger Description

A model 2200B Data Logger manufactured by the John Fluke Mfg. Co. was installed
in the center electronic console. The data logger is programmable to sequen-
tially select any of i1ts 40 inputs at a rate of 3 to 15 channels per second.
The data is printed in a 16 column format at 2.5 lines per second.

The Data Logger is rconnected to monitor and record the input (command sum) and
output (force) of the upper or lower loading system. The third operating mode
available is the reccrding the output force from both the vpper and lower
systems. The transfer between monitoring modes is accomplished through three
separate input conrectors at the rear of the data logger. Connector gwitching
is required because each record mode reguires 3¢ of the & recording channels,

igput Signal Panel

The input signal panel, located at the lowest location of the center comrsole 3
(reference Figure 2) provides an input point for opere-ion of the MASTK from & \
lecal source. The panel is divided into two sections, with the right hand
section dedicated to the upper load chaunels and the left section dedicated to
the lower load chavnels. The inputs for each channel can be individually 3
accessed or accessed from a comwmon input point. The input jacks are srranged
in the same order as the load actuators are mounted on the MASTR.

There are three rows of four inputs and two rows of three inputs. Each row has ;
8 switch that will conpect its inputs with the common jnput or allow isclated By |

. . . . . N A
operation. These inputs are connected electrically in parallel with the A

external input jacks located at the right resr of the lower console. .~

Power Bupplies Description .

The system power supplies are centrally located in the lower right section of

the desk console belew the relay chassis. The power supplies (the PX series) o)
are manufactured by the Power/Mate Corporation and have better than 0.1% <
regulation (no load to tull loal) aud less than 15 millivolt output ripple. 3
The power supplies provide +13 volts DC at 3.2 amps, +10 volts DC at 2.5 amps :;
and 5 volts DC at 5.8 amps. Each power supply has a front panel meter, output )
level adjustment and monitor jacks in order to provide easy access and t
adjustment during initial setup. t
»
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Iuterface Wiring Description

The complexity of comnecting the 36 control channels required the development
of an overall scheme for routing the wires interconnecting the test rig and
electronic cootrol comsole. The resction structure snd loading actuators are
located approximately 75 fecet from the electronic ccnsole.

The general wiring scheme used wae to connect the electrvonic signal lines from
the control console to the test rig through a junction box physically located
close to the test rig. The electronic power lines (110 VAC solenoid actuatiom
power) are routed separately in an effort tc reduce the possioility of
transients being induced into the signal conductors. The wires are routed
through existing laboratory wire ways previously dedicated to sigral and power

lines. The junction boxes contribute flexibility and a convenient maintengnce
access to the system electronics.

The wires used for the interface conmections are shielded, twisted pairs for
each control function with each pair being contained sithin a multipaired
cable. The conductor sizes used are 22 gauge for the signal lines and 18 gauge
for the power lines. The test rig wire labeling within the junction boxes is
keyed to the control sctuator position and upper or lower system.

Load Countrol Loop Pescription

The MASTR's 36 individual force control channels are ideniical except for the
stroke of the control sctustors. The trsiling edge actuaitors have & 24 inch
stroke range and the leading edge actuators have a 12 inch stroke range. Figure
15 ie a block diagram of a eingie force control channel.

Referring to Figure 15, the static load coutrol relationshkip can be dexived
using the closed loop feedback relationship "Output/Input = G/(1 + CH)" where G
on Figure 15 is the product (K2K7K ) which is equal to 9936 lbs/volt. The H
term is the product (KjK, ) which is equal to 0.0049 volts/1b. With these values
for G and K, the force gain of the control loop is 200 1lbs/volt.

MASTR Component Design Verification

A design with the amount of components of the MASTR required a step-by-step
design verification., The MASTR is made up of 36 channels which are essentially
identical. The design has sufficient trim or finme tuning capability that all
hardware could be adjusted after assembly. The electrohydraulic component
testing and adjustment was carried out for ezch individual channel.

To achieve low frictioo from the load actuators, the end cap of each load
actustor was removed in order to place the original rod seals with the low
friction seal cartridge. The reassembled, modified actuators were bench checked
by lubricating the shaft with MIL-D-5606 hydraulic fluid and performing a
breskout and rucning frictiopn test. The maximum test limits were 15 pounds for
breakout and 10 pounds for the running friction.

During testing, several actuators required 100 pounds for the breskout fric-
tions and not more then !0 of the zssemblies would meet the requirements. The
prcblem was solved in 90 of the cases by using an assembly procedure to
centralize the new seal cartridge. The technique used was to install the
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cartridge and "finger" tighten the actustor tie rods. The actuator was then
cycled full stroke several times and the tie rod tightened equaily in a cross
corner sequence. The actuator was cycled after every 12 in/lbs of torque
increase until the full value of .96 in/lbs was obtained.

The remaining 10% of the actuetors required the seal cartridges to be hand
fitted, and the actuator rod to be rotated to meect the requirement. The basic
problem was found with the cor ~>rcial actuator assembly tolerances. The double
ended actuators have one of th. rods threaded into the piston without a close
tolerance pilot to preserve axial slignment.

The servovalves were mounted on a mavifold to record the "as received” pressure
and flow gain data. Figure 16 is a typical pressure gain plot indicating
2,80 psi/ma gain with some null deadband, slso caused by the valve undercut.
The addition of a bypass orifice tends to soften these effects. Figure 17 is
a typical flow gain plot indicating a 1.0 gpm/wa flow gsin with 1.l gpm of null

leakage flow. The high leakage value is due to the 3.0X underlap of the
servovalve edges.

The reaction structure shown on Figure 13 was designed and fabricated for the
initial setup and testing of esch load actuator assembly. The structure was
designed to be loaded to 2,000 1bs. The 2,000 1b 1oad resulted in a 1.2 inch
deflection of the actuator. The structure was designed as a spring load which
allowed the asctuator under test to move when a force output was commanded in
order to verify the control system’s dynamic load response. Loading systems

that have no output motion requirement generally have a load response nearly
equal to the flow response of the control

atrol valve., Juoce a system requires tlow,
the dynamic response degrades.

To evaluate each load actuator assembly, the actuator, load cell end manifold
vere mounted in the reaction structure. The pressure gain of the servovalves
was first set using the adjustable bypass orifice to achieve a pressure gain cf
200 psi/ma. Once the pressure gain was established, the servovalve and orifice
were treated gs a matched set. All of the pressure i1elief valves were adjusted

to 2,000 psi for the initial setup. This setting was achieved using a special
test manifold.

Each actuator’s controi menifold was assembled with its servovalve, bypass
orifice, bypass solenoid and pressure relief valves for the preliminary
testing. This consisted of measuring the control channel’s static ard dynamic
threshold and the dynamic response in the reaction structure,

Figure 19 is a typical dynamic response with a 0.0 Db input of +1.00 volt
corresponding to a+200 1b commund. The bode plot shows a -6 Db and -90° phase
at 10 Hz with no peaking. Figure 20 shows typical static and dynamic threshold
time history plots. The static threshold corresponds tc +20 1bs and is
obtained using a 0.! Hz ramp input with gradually 1ncreaslng smplitude. The
amplitude at which an the output responds to the input is the threshold value.
The dynamic threshold is measured using & sinusoidal input st a frequency of
1/2 the bandpass of the ccatrol system, The amplitude at which the 5.0 Hz input

causes the output to follow the input corresponds to a peask amplitude of 21
1bs.

The range of threshold data recorded for all the actustors was s low of 10 lbs
and a high of 36 1bs. Additional tests with load bias inputs were recorded
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without significant changes to the thresnold data. All of the testing was
recorded using a hydraulic supply pressure of 2,000 psi.

MASTR Final Assembly & Check-Cut

A reaction plate was fabricared to provide a flexible test structure. The plate
was mounted in the MASTR ss shown im Figuve 21 end the load actuators attached
to the plate. The reaction plate was fabricated from 7075-T6 siuminum plate 3/4
inch thick and 42 inches wide. This provided a maximum load capability on the
raiiing edge of +4500 1bs (with & corresponding deflecticn of 6.8 inches)
without yielding the plate. The analysis was based upon using 2/3 of the
72,000 psi allowable stress. The maximum load distributed over the 12
actuators is 700 pounds per actuator or load pcint. The section of the
reaction plate for the leading edge provided a maximum total load of 10,000 ibs

with a deflection of 0.84 inches and a 1, 160 pounds allcwable for each of the
six load points.

All actuators were attached to the reaction plate for final performance evalua-
tions. Figures 22 and 23 are typical linearity/hysteresis plots of a load
channel. The plots represent a +2.5 volt input to command a +500 pound force
output. Figure 22 (Charnel 5 lower} is une of the best channels with Z0 ponond
hystereeis and a linearity of better tuan 0.5%. Figure 23 (Channel !5 lower)
represents one of the poorer performances with 40 1bs hysteresis and 1.0%

linearity. However this worst performance ie within the MASTR"s performance
goals.

Figures 24 and 25 are typical frequency response characteristics for the load
actuators. The 0.0 Db input corresponds to a command of +500 1bs. Figure 24
suowys the response of channel 4 lower section. Figure 25 shows the response of
thannel 14 lower section. The main difference between the two plots is that
Channel 4 had the most compliant load attach point, being wounted at the
extreme edge of the trailing edge position. Channel 14 had the least compliance
load, being mounted at the point closeat to the clamp point of the leading

edge. Both channels have greater than a 10 Hz frequency response which meets
the design goals.

The MASTR exhibited satisfactory performance with sll upper control channels,

all lower ccatrol channels, and both upper and lower control chanmels operating
simul taneously,

Conclusion

The MASTR has met all its design goals. It should prove to be a useful test
tool for evaluation of nonseparable control surfaces. Caution should be
exercised during initial setup of the test rig in terms of insuring thet all

safety limits have been properly set to protect the test specimer from overload
damapge.
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SECTION 11,
FLUTTER SUPPRESSIUN ACTUATOK

R Y LY LRI NP R

Generzl Investigation Description

P

The flutter suppression gctuator investigation conducted under this contract
P was directed at fabrication and laboratory test of a flutter damping technique
: based upon using load pressure feedback. The technique usex losd pressure
sensing to change the impedance of the actuator contrclling a slab type
aerodynamic control surface. The investigation used an F-4 stabilator as a tool
for appiication of the technique. This work is a continuvation of a flutter
investigation which is described in technical reports AFFDL~-TR-75-29 and AFFDL-
TR-79-3117 (Volume 1). The activity described in this report is the
integration and test verification of flutter damping hardware which
incorporates improvements based upon previous test results.

P Y RIE

B

The investigation is directed at the “classical flutter" problem of ali moving
control surfaces (such as canards and horizontal tails). Classical flutter
involves both the torsional and bending motion of gu serodynsmic surface.
Flutter occure because the speed of fluvw over the surface effects the amplitude
and phase of the torsional motion in relation to the bending motion cof the

T Ll . T R o

surface in such a way that energy is abscrbed by the surface fromw the RN
airstream. At the flutter frequency, the motionrs of the surface in bendirg and tz;
: torsion are in a phased relationship where the potential energy that is stored !
: when the surface bends is transferred to the torsional twisting of the surface.
H The flutter frequency of mction lies between the individual resonant
{ frequencies of the bending and torsioral vibration modes. The conventional ~
; method of increasing the flutter speed of a control surface is to incresse the o
: torsional stiffness of the surface. For slab type surfaces (like the F-4 and }:
; F-111 horizontal tails), the control surface itself is tcrsionaily rigid and -
: the torsional stiffness of the surface is primarily determined by the contrel o
actuastor. Increasing the torsional resonart frequency of the coutrol surface !

is accomplished by increasing the actuator stiffness. This is done by
‘ iocreasing the actuator size, particularly the drive area since the oil column
: stiffness generally dominates value for actuator stitfness. This stiffness
increase (by increasing the size of the sctuator) carries with it a weight and
hydraulic power consumption penalty. The penalty for a given application
increases with ap increase in hydraulic system operating pressure. With
increasing supply pressure, the drive avrea of an actuator for a giver output
force requirement decreases while the drive area required for a giveu actuator
stiffness dces not change. The difference between the greater actuator drive ol
area required for stiffness and the drive area required for manuevering the e

- . - .(
: aircraft represents a weight and power consumption penalty for that method of K
solving the slab surface flurter problem.
~
The technique used for flutter suppression with the F-4 stabilator actuator is |

based upon using negative pressure feedback to cause the stabilator actuator to
The damper should absorb -8

act 83 a damper at the torsionsl resorant frequency,




energy in the torsional mode and eliminate the transfer of energy between the
torsion and bending modes of the surface. The capability of adding torsional
damping with little added weight allows sizing the control] actuator for the
force output required to waneuver the aircraft, rather than "over” sizing the
actuator to increase the torsional rescnant frequency. For the F-4 stabilator,
the actuator drive required for waneuver loads is 3.44 square inches. The
drive area of the normal F-4 stabilator is 6.00 square inches as sized for the
flutter requirement.

The use of load pressure feedback to add damping or stebility to flight control
actuators connected to inertia loads has been used in several applicatione,
particularly with European designed aircraft. The Jaguar uses load pressure
feedback in the rudder control actuator. The Tcronado aircraft uses 1load
pressure feedback in the taileron actuator. The load pressure feedback
mechanization in the Toromado actuator provides s damping response

characteristic quite similar to that used in the flutter invesiigation with the
F~4E stabilator actuator.

As described in technical report AFFDL-TR-79-3117, the wind tunuel test with
one half of a stabilator surface &nd an actuator with a damping module did not
produce the expected torsional damping results. In that test sequence, the
indication was that the F-4 stabilator was decoupled from the actuator at the
first torsional resonant mode. Engaging apd disengaging the operation of the
damping module had insufficient effect on the apparent damping of the torsional
resonant wmode. Subsequent tests of the stabilator surface in the laboratory
indicated that the particular stabilator did not move as a rigid body in
tersion at the torsional resonant frequency, but had a torcicnal (wistiug mode
fur part of the surface, This twistiug mode was not indicated in 8 mode test
report of the F~4E stabilator surface which was written when leading edge slats
were first applied to the tail surface. The flutter damping technique being

investigated requires that the slab eurface move as 8 rigid body at the first
torsional resonant mode.

The fluctter suppression investigation activity in this section deacribes the
integration of the damping circuit (with improvements based upon previous test
data) into one coutrol package for an F-4 stabilator actuator. The control
package included the normal servovalve, solenoids, main control valve and
secondary actuator components used in the normal F-4 mechanization. The
control valve package was mounted on the reduced drive grea stabilator actuator
previously used for wind tunnel testing. The emphasis in this investigation
activity was to optimize the performauce of the damping circuit in & single
package which would be representative of flight hardware. AFFDL/FGL~TM-78-73
"Genersl Design Criteria for Hydraulic Power Operated Aircraft Flight Control
Actugtor”, June 1978 was used in all phases of the design as a guide.

From the previous testing of the dsmper module operation (reported in AFFDL-TR-
79-3117), there were two areas of design improvement which would benefit the
operation of the damping circuit used with the F-4 stabilator actuator. These
design areas involved 8 reduction of the threshold of the damping and isolaticn
spools and an increase 1n the damping flow through the circuit.

Test evaluation of the integrated design was conducted in the laboratory. The
testing was primarily response measurements of the damping circuit performance.

The test dats verified the design improvements incorporated into the integrated
package and the correct operation of the medule.




Hydromechanical Pressure Feedback Characteristics

The fcllowing material is a sumwmary of the analysis published in AFFDL-TR-75-
29. The sizing calculations for the F-4 stzbilator artuator are inciuded by
way of example. Values of the drive area, stiffness and surface resonance were
taken from hardware drawings and test data. For calculation purposes, a
resonant frequency of 23 Hz (first torsional mode) was used for the stabilator
surface oun the actuator and mounting compliauce. Iu the following analysis, the
effect of the control valve is not included. Cmitting the contrcl valve effect
is reasonable since the normal ectuator frequency response is well below thre
surface flutter frequency. By assuming that no siructurzl feedback motion is
introduced into the control velve and usiug a "washout" in the load pressure
feedback loop, the operation of the control valve sud the pressure feedback

spool can be counsidered non-interacting.
This summary is divided into the following sub-sections:
1. Undamped Actuator and Surface Mass Response

2, Actuator and Surface Mass Response with Load Pressure Feedback

3. Acturtor and Surface Mass Response with Load Pressure Feedback
and Washout Circuit

. Washout Transfer Function Description

Undamped Actuatox and Surface Mass Reaponse

Consider a control actuator with no dawmping. For simplicity, the control valve
is gassumed to remain centered and can be ignored. The actuator is sssumed
operating around its mid-stroke position. The equations of motion for the
actuator and surface in response to an applied driving fcrce are:
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Where: F, < the driving force
8 M = gurface mass
V3
i* X .
g- g = surface motion

total vorume of ¢il 1n actuator
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bulk modulus of o1l
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A = actuator drive area

R

8 = Laplace Operator

g% Comparing Equation 1 to the stardard second order expression of Equation 2:
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This transfer function implies an amplitude responge to the driving force which
resenbles the following:
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Acfugtor snd Surface Mass Response with Load Pressure Feedback

For AP (Load Pressure) Feedback, the equation of motion i3:

________________________ (Equation 3)
- \

Where: F4; = the driving force
M = gurface mass

X, = surface motion

<

= total volume of o0il in actuator

(]

—

Bv
4

pressure feedback gain in unit flow rate/unit
pressure

[
"

bulk modulus of oil

§ = Laplace Operator

Note: The right hand term of Fquation 3 is the normal second order
transfer functiom with:
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This showe that the damping is vsried by changing the pressure feedback gain
K
f'

Sketching the amplitude response indicated by the transfer function of Equation
X

8
3 for with load pressure feedbacl:
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Note: the rising amplitude below w= l/(clle) occurs because no washout
circuit was included in the derivation. The section following shows that the
washcut circuit eliminates the rising low frequeacy characteristic.

Actuator and Surface Mass Respouse with Load Pressure
Feedback Plus Warhout Circuit

Consider a low frequency washout circuit in the AP feedback of the form:
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Where: K -------- ) = the washout circuit

(Equation 4)
r = waghout rolloff time constant

Kw = washout circuit gain

Combining Equation 4 and 3, the equation of motion is:

______ = - -

- q =3 (Equation 5)
Fg4 MC), 783 + M(C); +Kp) 82+ 4l rs 44

Where: Kf = Kwa
F4 = the driving force
M = gurface mass
X, = gurface motion
B = bulk modulus of oil
A = actugtor drive area
8§ = Laplace Operator
7 = washout time constact
Ky = washout gain

K¢ = pressure feedback gain (flow rate/psi)

Note: This transfer function is of the form:

T e e e e (Equation 6)
Fq (158 + D) (/ s2 283\ +1 s
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which for T| = T, reduces to a simple second order function. This indicates
that the wvashout cirzuit can be vsed to eliminate the rise in amplitude of
X /F4 that occurs without the washout circuit at low frequencies.

Hashout Transfer Function Description

In the analysis of the load pressure feedback transfer functions, the washout
transfer function wegs not defined in tcruws of physical parameters. The
operation of the washout circuit is apparent from the Flutter Damper Schematic,
Figure 26. The isoletion piston eliminates feeding steady differential load
pressures to the damping spcol. As the load pressure varies siausoidally with
increasing frequency, the isolation piston movement creates a flow, At low
frequencies, the flow from the isolaticn piston goes primarily through the

washout orifice R,. As the frequency of the load pressure variation continues
to increase, the damping epool moves.

The equation of motion for the XﬁpiiﬁF is:

A%, R,A
1 %282
----------- S
X KIKZ
-2 . - ——— (Equation 7)
\P RpA%y K} + KpapRp |
| e e | S +1
\ KK /
K,S
¥hich 18 of the form ~--v--- -~ as used in Equation 4.
rs + 1
¥Where: AP

= load pressure drop across actuator piston
xap = damping sepool position

A} = isolation piston drive area

A9 = damping spocl drive area

Xip = position of isolation piston

Ry = washout orifice resistance
K| = isolation piston spring rate
K, = damping spool spring rate

S = Laplace Operator

Note: The damping orifice
pistor alternately to pressure and return.

in the hardware configuration will port the actuator
The porting to pressure and return
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piston alternately to pressur.: and return. The porting to pressure and return
is required to maintaio correct polarity of the pressure feedback when
operating with a bias load applied to the actustor piston.

F-4 Stabilator Actuator Sizing Calculations

The following genersl data for the normal F-4E stabilator actuator and control
surface is used in the example calculations:

a. The torsional resonaut frequency of the stabilator surface on the
stabilator actuator with both sections of the actuator pressurized 18 nominally

23 Hz. (The frequency varies from 21.65 to 23.55 Hz according to AFFDL-TR-71-
20, Supplement 2, pages 217 ard 218.)

b. The actuator drive area for each half of the F-4E actuator 1is
approximately 6.0 in2.

c. At frequencies above 1.5 Hz, the normal F-4E stabilator actuato:
stiffness is approximately 200,000 1bs/in (for one half of the actuator
pressurized, according to measured dats from AFFDL-TR-72-13, page 190).

d. The normal maximuwm hinge mcment requirement for maneuvering of the F-
4E is 8,600 lbs at the actuator at 6.9 in/sec rate (according to AFFDL-TR-71-
20, Supplement 3, page 179).

The following calculations illustrate the procedure for determiuing the

pressure feedhack gein for damping the torsional reconance of the F-4E

stabilator with a reduced area actuator. Additional ralculations for the other
parameters cf the damping circuit sre published in Al #DL-TR-75-29.

&. Calculation of the F-4E Stabilator Actuator Inmertia Load

From the resonant frequency of 23 Hz and the stiffuess of 400,000
1bs/in (both halves of the actuator pressurized), the surface mass as

seen by the actuator is calculated as 19,14 1bs sec/in? (simple
spring-mass resonance).

b. Calculation of the Actuator Drive Area

The worst case hinge moment requirement of the stabilator actuator is
8,690 1bs at 6.9 in/sec. Allowvwing 2,500 psi across the piston, 500
psi drop acroess the control wvalve, the maneuvering force can be
generated with 3.44 in“ drive are8 with only one hydraulic system
operating. This is a considerable reduction from the 6.0 in“ drive
area normally used in the F-4E sgtabilator actuator.

¢. Calculation of the New Torsioral Resonance Frequency

Reducing the drive area of the actuator also reduces the stiffness and
hence the torsional resomance frequency. For one half of yhe actuator
pressurized, the surface resonance frequency with 3.44 in“ drive area

and one system operating will be 12.31 Hz and is cslculated as
follows:




Stiffness Reduction

AOF 3.44
= 200,000
JAY 4 6.00

= 114,666 1bs/in
New Torsiounal Resonant Frequency

{
114,666
F, = 23
400,000

F, = 12.31 Hz

d. Calculation of the Pressure Feedback Gain for a Specific Damping Ratio

For the pressure feedback gain K¢, consider equation 3 for the surface
motion/driving force with pressure feedback (but without the washout
circuit included):

[c, \ [ v\
| . I
|~=--- 8 + i o
oo \ke )" __-_-_"g__fz_). ___________
2
Fd ] hCl S + HKf S + 1
A2 A

The coefficient of the S term in the denomipator of the above equation
corresponds to the 25/wn term of s standard seccnd order transfer
function, where n is the rescnance frequency, § is the damping ratio,
Therefore, equating the coefficients and substituting in the follewing
values allows sulving for the pressure feedback gaim:

For: A = 3.44 in?
§ = 1.0 (critically damped)
M = 19.15 Lbs sec/in>
f, = 12,31 Hz

28 MK¢

Wh Al

in =0.016 in3/sec/1bs/i02]




R e e —————— N b WY . T L OSSR L T et R A A P L b 8

F-4E Denping Circuit Susmary

Figure 27 is a hardwvare photograph showing the incorporation of trhc damper
circuits into an F-4E stabilator power actuator as add-on moduleus. The
modified actuator is illustrated in cowparison to the standard F-4E. Note that
the damper package is composed of two iderntical damper circuits mounted
immediately under the control valve package.

The damping circuif and actuator values used for the add-ou module hardware are
the following:

Actuator drive area A = 3,44 in2

Damping spocl diameter = 0.312 in

Isolation spool diameter = 0,312 io

DPamping spool spring rate Ky = 1050 lbe/in

Isolation spool spring rate Ky = 1050 1bs/in

Washout orifice resistance R} = 1419 1bs/in%/in3/sec.

Rolloff orifice resistance Ry = 567.6 1bs/in?/in3/sec.
Normal damping ratio = 1,0

Rolloff break frequeucy = 100 Hz

Pressure feedback gain K¢ = 0.016 in3/sec/1bs/in2

The above values, with two exceptions, were used for the integrated control

valve psckage. The exceptions invclved pod diameter and centering epring
sizing.

Gptimized Flutter Suppression Actuator Description

Figure 28 is a photograph of the optimized flutter damping package installed on
the same reduced drive area actuator body as shown previously in Figure 27 with
the add-on damping modules. In contrast to the add-on adapter plate and
damping modules shown in Figure 27, the integrated control body incorporates

the normal F-4E control components in the same body which holds the operating
components of the damping circuit.

From the evaluation of the previous test results with the add-on damping
modules, it was decided in the Jdesign of the integrated control package to:

a. Iccrease the active drive area of the damping and isolation

spools.

bo
flow gainp.

Increase the damping flow porting to provide a higher dawping
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In desigoning the control package, the porting paesages through the damping
module were kept as short and as large as practical. The following
subasgemblies from the standard F-4E stabilator were used without chunge:

1. Pilot input linkage assembly

2. Jlock-out valve assembly

3. Auxiliary serve ram assembly

4. Servo and by-pass valve package
The basic requirement in designing the package was to duplicate the exact

functions of the original control valve package with the addition of the

damping modules as part of the valve body. This included providing the three
different operational modes of:

1. Manuval mode
2. Series servo mode
3. Parallel auto-pilot servo mode

Two solenoid ovperated hydraulic switching valves are incorporated to provide

the above modes of operation on receiving the appropriate sigrals from the
pilot.

The damping module desi of the damping mudule componenis were:

Damping Spool Diameter 9.438 10
Isolation Spool Dismeter 0.438 in .
Damping Spool Centering Spring Rate 2,250 1bsg/in -
by
Isolstion Spool Certering Spring Rate 2,250 1bs/in tﬁ;
Nomipal Damping Ratio 2 &.;
2
Washout Bresk Frequency 5 Hz =
N
Rolloff Break Frequency 100 Hz Q‘F
[ .
Ay .
Pressvre Feedback Gain (min) 0.032 in3/sec/psi '
In comparing the design sizes for the integrated control damper with the add-on %;J
. mpdule values, it is apparent that the damping spool and isolation piston :
disueters have been incrczsed to give a spool drive area approximately twice RY,
the add-ot module valve. This was dome to reduce the threshold on the operation -:7
of the damping circuit. The spring rate of the centering springs was 5
correspondingly increased by & factor of two in order to keep the stroke of the ZQQ
isolation piston and damping spool strokes at the original value. In addition I
to the damping »pool diameter change, the porting area of the flow slots were -
doubled compared to the original modules, This was to give a margin of safety 8
e,
N
[t
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ch the measured damping and provide theoretically a damping ratio of 2 with the
F~4E surface inertia and nominzl resonant frequency of 12 Hz.

Figure 29 shows the end view of the integrated contrcl housing body. The
center section {(between the 5 and 7 inch marks on the gcale in Figure 29)
housed the norwal F-4F stabilator countrol components. The position of the body
to the right and left of the center section houses the damping circuit
components. The general appearance of the internal damping components (damping
spools, isolation pistons, ceuntering springs and sleeve) were similar te those
used in the non-integrated damping modules. (Reference page 7 and 8 of the
AFFDL-TR-79-3317 report.)

Figure 30 shows the side view of the integreted control housing body. The P,
and R} port connections are located as shown ip this figure. The P and Ry
ports are located on the opposite face of the body (the hack face as shown in
Figure 30). Note that smaller ports labeled P;, Py, P3, C) and C, are also
provided on this face of the integrated body. These ports were used as
instrumentation ports during testing and setup of the damping circuit powered
by the P; hydraulic system. A similar set of ports was included on the
opposite face for the damping circuit powered by the P, hydraulic system.

General Test Procedure

For the evaluation of the integrated control package performance, the package
and reduced drive area actuator were mounted in the general purpose actuator
test rig (GPATR). In measuring the damping module response, the GPATR was used
as a simple holding fixture. For the measurement of the flow response of the
damping circuit, the GFATR was used for providing dynamic losding of the
stabilator actuastor. The tests conducted on the stabilator actuator with the
integrated control package were limited to verifying operation of the damping
circuits. The rests were similar to those used to investigate the operation of
the damping circuit of the module units (as reported in AFFDL-TR-79-3117), The
performance of the normal F-4E stabilator actuator corponents used in the
control package was not recorded as part of the test program.

Figure 33 saows the reduced drive area actuator and control package mounted in
the GPATR {or evslwation. The load actuator applies a load to the left end of
the actuator as shown in the Figure 33. The F-4 stabilator agctuator is a moving
body actuaior where the motion of the actuator follows the motion of the imput
linkage. As shown in Figure 33, the input linkage attach point was connected
to the actuator rod which in turn was connected to the GPATR framework. Note
that in Figure 33, there ie a servovalve on a small manifold block located
immediately below the modified F-4E actuator. The servovalve was connected to
the damping module as a dynamic pressure source for setup of the damping
circuit washout orifice. Note also that ia Figure 33, the mecharical input
summing linkage includes an additional motion summing linkage from a normal F-

4E actuator. This linkage was added because in the initial operation of the ’
control package and wodified actuator, it was discovered that the flcw porting ;,
from the normal F-4 control valve to the actuator cylinder ports had been N
reversed. The additional linkage corrected for the porting error. Although the 2

internal control package modification to corxect the porting error was straight

forward, the input linkage reversal was the most efficient nodification for the
evaluation teating.
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o Lsolationr suéd Damping Bpool Differeatisl Pressurs Response

Figure 34 is a schematic of the teat setup used to record the differential
pressure response acroes the damping spov]l and isolation piston. Note that a
servovalve with a pressure gain reducing orifice across its cylinder ports was
used to create the excitation differential pressure across the isolation
pistons~damping spool combination. For these tests, tbe roll-off orifices used
iz the cylinder port lines from the actuator drive areg to demping circuit were
shut off. The cylinder port output lines from the servovalve were counected to
the C;, C, or C3, C, test ports in order to generate the test imput
differential pressures. Differential pressure transducers connected across the
isolation piston and damping spool were used to measure the pressures across as
a function of input frequency. Each dawping circuit was evaluated
independently. For the section of the actuator not being measured, the supply
pressure was turned off and the cylinder ports conrected to atmosphere. The
BAFCO response analyzer and XYY" plotter were used to measure and record the

amplitude aand phase of the differential pressures compared to the toral
differential "cylinder port" pressure.

Figures 35 through Figure 40 show the isolation and damping differential
response for the washout orifice setting adjuzted to give the desired response.
The response measurements of Figure 35 through Figure 37 are for the components
in the damping section powered by the P supply. Figure 38 thrcugh Figure 40
are megsurements of the damping section powered by the P, supply. Each figure
uses a different input excitastion pressure in order to show the change in the
response characteristics with a change in excitation level.

Figure 35 shows the response of the P) section with the applied differential

pressure ecuivalent to an applied load to the acivator section ot +1,720 lbs.

This load is 16.6% of the stall load ou one half of the reduced drive area

actuator with its drive area of 3.44 square inches. Note that 0 Db for the

isclation piston is #500 psi. At low frequencies, the differential pressure <
across the damping spool is low and rises at a slope of 6 Db/octave with '3
increasing frequency up to a frequency of 10 Hz, The differential pressure &
acrogs the igolation piston decreases with increasing frequency. At frequencies

gabove 10 Hz, the differential pressure across the isclation piston aud the

damping spool approach esch other. Note that the phase angle of the damping

spool starte out at a leading phase angle of greater than 40 degrees. The

leadiug phase characteristic is consistent with the designed washout transfer A
function of KS/{TS + !). Note that the isolation piston differeantial pressure -
is nearly in phase with the applied pressure at 1 Hz. The damping spool

different1gl pressure respouse is in phase within +10 degrees with the applied
dynamic pressure from 10 to 18 Hz,
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Figure 36 shows the response of the P, section with the applied load of + 3,612 .
1bs. This is nominally twice the excitation level uveed for Figure 33. The

phase and amplitude characteristics of the demping spvol differential pressures

are similar to those shown on Figure 35. The phase angle of the dasmping spool v
¥ pressure is a leading phase angle of 44 degrees at low frequencies (below 5 N
Hz). The amplitude of the damping spool pressure levels out above 10 Hz. The }'
2 to 1l iuput pressure excitation level change appears to bhave little effect on -
the response characteristics of damping spool rnd isolation piston.
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Figure 37 shows the response characteristics of the P; damping section with an
applied load of + 6,192 1bs. This is 60% of the stall load ci the ¥ actuator
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FLUTTER SUPPRESSION INVESTIGATION

Test: Isclation & Damping Ap Response
Mode: P, Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +1,720 1lbs.

Ap Vs Load

Db Damping aAp - Ph ¢
0
9
Isolation Ap - A/R . i . . ~-60° 3
i . ; B
<
'
€N
4]
L
[+ 9
5Db
120°
I &p - #500 psi @ 1 Hz
Dap - +56 psi @ | Hz
-180°

Dawping &p - A/R

1.0 2.0 5.0 0.0 20.0 30.0

Frequency - Hz

Figure 35, Pl Isolation & Damping AP Kesponsc at },720 Lb. Load




FLUTTER SUPPRESSION INVESTIGATIOM

Test: Isolatior & Damping Ap Response
Mode: P, Active - Orifice @ 3/4 Turns Open Date: 16 November 1984

Load: +. »612 1bs

RS P Sy v SRR o 1]
. Damping Ap - Phase
| .
_ ) ' oo . | o
Isclation Ap - Phase . ;
o]
o
bl )
R . - .
= - L ~60° @
3 o | N
2 &
cmd (]
- <
£ s -
-120°
Iap - +1050 psi ¢ | He
Dap - #1211 psi @ | Hz
: Damping Ap - A/R : o
. DL j -180

1.0 2.0 5.0 10.0 20.0  30.0

Frequency - Hz

Figure 36. Pl Isclation & Damping AF Response at 3,612 Lb. Load ’
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FLUTTER SUPPRESSION INVESTIGATION

Test: 1Isclation & Damping Ap Kesponse
Mode: P Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +6,192 1bs

& p Vs Load

Damping Ap - Phase ‘! R '

0
(O
Q
sl v
o ]
2 z
<
o -60°
3 [%2)
P o
.':: K=
a (=™
2
5 Db

S, T _]200

Iap - #1860 psi @ 1 Hz = §

D ap - +170 psi Q | Hz

d -180°
1.0 2.0 5.0 10.0 200 N0
Frequency - Hz

Figure 37. P, Isolation & Damping AP Response at 6,192 Lb. Load '::




FLUTTER SUPPRESSION INVESTIGATION

Test: Isolation & Damping Ap Response
Mode: Pp Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +2,064 1lbs.

&p Vs Load
Db : ; : @
P
§ Damping &p -~
60°
0
¥ Isolation Ap
0
5 Db B . ?
} Isolaticn ap
-60°
. ..
IAp - +60 psi @ 1 Hz
DAp - +63.5 psi @ | Hz
120°

5.0 T 0.0 20,0 30.0

Frequency - liz

N g
=B

1.0
Figure 38. P_‘2 Isolation & Damping AP Response at 2,064 Lb. Load
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FLUTTER SUPPRESSION INVESTIGATION

Test: 1Isolation & Damping Ap Response

Mode: P2 Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +3,784 1bs.

&p Vs Load

Db H 2
60°
0
- Isolation ap - A,’—R - -Jr— >3 1 et
ot T
| Isolation Ap - Phase - ! - ' oo Vo o o~
' o
e, e e ———— .. ‘60
IAp - +1100 psi ¢} He
DAP - +127 psi @ 1 He
. Damping Ap - A/R- |
v : § -120°
B0 ey —]

Frequency - Hz

Figure 39, P‘2 Isolation & Damping AP Response at 3,754 Lb. Load
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FLUTTER SUPPRESSION INVESTIGATION

Test: 1Isolation & Damping &Ap kesponse

Mode: Py Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +5,504 lbs.

_ A..O V Load i
o o e )
Damping &p - Phése‘a
60°
0]
0
5 Db
D . : -60°
+1600 ps1 @ 1 Hz
+185 psi @ 1 Hz
l)ampiﬁg ap - A/R ® -120°

P.0 2.0 5.0

10.0  20.0 3C.0
Frequency - Hz

Figure 40. P2 Isolation & Damping AP Response at 5,504 Lb. Load
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section. The response ie quite similar to the other two P; response
megsurewents at lower lcads., The principal difference is the rise in the
amplitude (1.5 Pb) of the damiing spool pressure over the frequency range of 10
to 20 Hz. At the lower excitation losads, the rise in amplitude over the same
frequency range was from 0 to 1 Db.

Figures 38, 39 and 40 show the response curves of the P, damping section at

different loads. The curves are ¢imilar tuv the P) section response curves with
some minor difSferences.

Figure 38 shows the response of the Pz damping secticn with excitation
pressures equivalent to a P9 actustor section load of +2,064 1bs. Note that
the dampicg phale leads the excitation phase by 68 degreecs at 1 Hz, This phase
lead is greater than that measured on the Py dampinji section at that frequency.
However, over the frequency range of 10 to iﬁ Hz the phase angle of the demping
gpool pressure is within +10 degrees with the applied pressure. This is quite

similar to the P; damring spool pressure pha3de characteristics of the P;
section.

Figure 39 which shows the responst of the Y, damping section with an exciteticn
load of +3,784 1bs is similar to the response shown on Figure 38, The
amplitude resporse of the damping spool pressure shows a break frequency of
nominally 10 Hz. The amplitude -esponse of the damping and isolatiom pressures
of the Py section both show a slight ampiitvde rise above 20 Hz. This ie
differeat than thai measured on the Py secticn where the amplitude elther
remained constant or attenuatced slightly.

Pigure % shows the response of the P; damping section wiih an excitation
pressure corresponding to a P, actuator secticn losd of #5,0504 1bs. The phase

and amplitude response characteristics ave similar to the other P, (and Py)
section pressure response measurements.

Individual Damping Section Dynawmic Load Response

In order to verify the damping flow operation of thc integrated comtrol package
installed on the modified stabiletor actuator, bcih rhe GPATR load actuator as
well a8 the servovalve pressure source were used. The GPATR load actuator was
used to apply a dynamic load to the siabilator actuator. This allowed creating
a differential pressure across the drive area of the stabilator actuator. This
technique was used for several tegts. In addition, the servovalve pressure
source was used to drive the damping circuit with the circuit drive isolated
from the cylinder ports. Thig allcwed a comparison of the damping flow
performance with both measurement techuniques.

In making the damping flow gain measuremnents, the return line flow from the
actuator section being evaluated was connected through a turbine flow meter.
This allowed recocding the flow from the integrated control package as the load
system applied a dynamic load to the test actuator. In testing each of the
damping sections, only the actuator half corresponding to the damping section
being tested was pressurized. The other half of the actuator was bypassed and
unpre..urized. This allowed evaluating the performsuce characteristics of a
single section of the control packsge without the interaction possible with two
sectious opersting at the same time. "he outputs of the turbipne flow metei and
the differential pressure transduce, measuring the stabilator differential
pressuree were coanected to a Brush chart recorder. The chart recorder data
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(with cerrection for the dynvamic characteristics of the turbine flowmeter) was
used to yenerate the response plots of the dsmping flow gain (cis/psi) and
pPhase as a function of frequency. The response plote obtained from the strip
chart data are gomewvhat affected by waveform distortion and tend to be more
irregular than those obtainsd from a response analyzer.

In evaluating the damping flow gain, the effect of the normal control valve on
the damping flow response was evaluated., Under loaded conditiors the motion of
the actuator in regponse to loads causes the mechanical input control valve
(which is copnected to a ground point off the actuator) ports flow to oppcse
the actuator motion. The responee of the control valve rolls off starting at a
frequency of 2 Hz and would not be expected to affect the damping flow at 12 Hz
and above. To verify this, for the servovalve pressure source tests the
damping flow response mecasurements were made both with the ipnput linkage
attached to e ground point and the input linkage hsnd held gt null.

Figure 41 is a plot of the strip chart dsts for damping section P; at a
constant differential input pressure of +1,200 psi across the damping spocl and
aud isolation piston combination. This response mecasSurement was conducted with
the mechanical input linkage ungroucded and held at null in order to eliminate
any dynamic¢ flow contribution frouw the wsin control vaive. Note that the flow
reponse phase angle at low frequencies leads the phase angle at 10 Hz by
nominally 60 degrees. The amplitude of the flow responsde increases up to a
frequency of 10 Hz and then remains relatively congtant from 10 to 30 Hz. The

design smplitude ratio of 0.016 psi is met at 10 Hz and maintsined from 10 to
30 Hz.

Figure 42 is e plot of the strip chart data for damping section P, at a
copstant differential input pressure of +1,200 psi across the damping spool and
and isolation pistoa combination. This is the same test as Figure 41 with the
input linkage mechanically grounded to the GPATR frame. This attachment is
similar to that when the auctuator is mouuted in the gircraft and aliows any
loed induced sctuator motion to create an opposing flow from the control valve
(within its responsc capabilities). Note that except ftor the amplitude
respongse of the damping flow in the response region from 0.5 to 2 Hz, Figure 42
resembles Figure 4l. 7This verifies that the control valve interaction with the
dsmping circuit is very slight.

Figure 43 is a plot of the P, section damping flow response strip chart data at
the eame input pressure differential of +1,200 psi as Figure 42, The input
linkage is grounded for the data uveed for Figure 43. The amplitude response
characteristic is similar to that of Figure 42 with 0.016 cis/psi damping flow
gain being obtained by 10 Hz end maintained to 30 Hz. Tkc response below 10 Hz
shows less roll off than the P) section, perhaps because of the particular
setting of the washout orifice in this section.

Figure 44 is a plot oi the damping flow response of section P} with the input
linkage held at null. The applied damping circuit excitation pressure was
42,100 psi (compared to che 3,000 psi supply pressure). The amplitude of the
regponse remains nominslly constant at the 0.016 cis/psi from 12 to 25 Hz.

Figure 45 is a lot of the damping flow response of section Py with the input
linkage mechanically grounded to the GPATR frsme. The applied damping circuit
excitation pressure was +2,200 psi, slighty greater than that used for Figure
44. The respouse of the P, section at frequencies above 8 Hz resembles that of
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response
Mode: Damped - P, Active
Load: <1200 psi (+4,128 1lbs.)
Input Linkage: Hand deld

Date: 9 Occober 1484

Damping Flow Gain vs Frequency
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Figure 4 1. Dampiug tlow Response, P, Se:ztion, Hand H-1ld Irput.
+1200 psi AP
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FLUTTER SUPPRESSION INVESTIGATION

Tegt: Flow Gain Regponse Date: 9 October 1984
Mode: Damped - PI Active

Load: +120G psi (+4,128 1bs.)

Input Linkage: Mechanically Grounded

Damping Flow Gain vs Frequency

Db _ @
_ 90°
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G 45°
=10
0
=20
8—45°
30 ' O—————0 Amplitude Ratio
- ' (0 Db = .016 cis/psx;
& ———4 Phase
l-90°
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Figure 42. Damping Flow Response, P, Sectioun,
Mechanical CGround Input, +1200 psi AP
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response

Mode: Damped - P. Active

Load: +1200 psi (%4,128 1bs.)

Input Linkage: Mechanically Grounded

Date: 9 October 1984

Damping Flow Gain vs Frequency
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Figure 43. Damping Flow Respunse, P, Section, Mechanical Ground Input,

+1200 psi AP
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Amplitude Ratio

FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 9 October 1984
Mode: Damped - Pl Active

Load: +2100 psi (+7,224 1ibs.)

Input Linkage: Hand Held

Damping Flow Gain vs Frequency
Db Al et I Vo203
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0 45°
-10}
| 0
-20
I 5o
I
=30 O—0 Amplitude Ratio :
. (0 Db = .016 cis/psi):
' &———4A Phase ] .‘
| 900
40 |
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Figure 44. Damping Flow Response, Pl Section, Hand Held Input,
+2100 psi AP
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response

Mode: Damped - P, Active

Load: +2200 psi (37,568 1lbs.)

Input Linkage: Mechanically Grounded

Date: 9 October 1984

_Damping Flow Gain vs Frequency *
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Figure 45,

Dawping Flow Response, P, Section, Mechanical Ground Input,
+2200 psi AP
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P| section at a8 similar excitation pressure. The amplitude reeponse is almost
identical, The phase response exhibits 15 degrees less phase lead than the P)
section over the frequency range of 10 to 20 Hz. Below 8 Hz, the difference in
reponge can be attributed to slightly differeant characteristice of the washout
circuit operation and the difference in the input linkage grounding.

£ Figure 46 is a plot of the damping flow response with the load actustor
53 generating the dynamic differential pressures in the stabilator actuator. This
. test includes the effect of the fiuid tramsmiesion coupling from the actuator

. piston chambers to the damping circuit. The excitation force used creates a

differential pressure of 58l psi acrcss the damping circuit. For this test the
ioput liskage was mechanically grounded. As shown in Figure 46, the damping
circuit just meets the 0.016 cis/psi gair requirement at 12 Hz and is -4 Db
from 15 te 30 Hz., The phase angle at 12 Hz is -15 degrees which is acceptable.

Figure 47 is a response plot of the damping flow for the Pj section of the test
actuator with the same test conditions as used to generate the data for Figure
46, The respouse of the Py section st the low load level of +2,000 ibs. is
similar to that of the P) gection. The amplitude of the dauping flow gain is
maintained out to 30 Lz which ia slightly better than the P) section. However,

the phase charactecistics over the seme frequency range sre slightly worse (-20
degrees at 12 Hz vs -15 degrees).

v LATLTHL; £F PO TS
‘-L.-g_:'a HURER E R |

Figure 48 is a response plot of the damping flow with the load actuator used to
generate a8 dynamic load of +5,000 1bs over the test frequency rsnge. The
response of the P) gection is shown. The smplitude response meets the 0.016
cis/pei design value from 5 to 20 Hz, The phase response is nominally 20
degrees leading cover the 10 to 25 Bz frequency range. The response is similar
to that measured at the +2,000 1b load l¢sel, indicsting cthat the operation of
the damping wodule is not greatly affect by the amplitude of the lcad pressure.

Figure 49 is a response plot of the demping flow for the P, section taken under
the same test conditions as used for Figure 48, The P, section smplitude
response is siwilar to the P) section at frejuencies above 5 Hz. The P
section amplitude respcnse attenugted less than the P1 section at frequencies
below 5 Ez. The phsse respcnse over the frequency range of iaterest (10 to 20
Hz) exhibite a little less lead (15 degrees) than the P, gection.

i The results of the flow gain response measurements showed that the design
response gain of 0.016 cie/psi was meintained over the freguency rauge of 10 to
20 Hx by both damping settings and at load pressures from 581 psi to 2,200 psi.
The irput linkage coupling to the mechanical input control valve had minimal
effect on the damping flow operation over the 10 tc 30 Hz frequency ramge. ,

Dual Demping Sectious Dynamic Load Response

In order to evaluate the damping response of both the P} and Py damping .
sectione, the losd actuator was used to apply a dynawic load to the modified F- R
4E stabilator actuator. The return line flows from the Pj and P, actuator ‘3
sections were conmected together and passed through s turbine flowmeter. The .
output of the flowmeter snd the load ectuator force transducer were recorded on

a strip chart recorder. The response of the return line flow to the load force

waa plotted from the strip chart data. For these tests, the icput linkage was

mechanically grounded to the GPATR frawmework.
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FLUTTER SUPPKESSION INVESTIGATION

Test: Flow Gain Response Da:e: 9 October 1984
Mode: Damped - P) Active
Load: +2000 1bs. (+581 psi)
Irput Linkage: Mechanically Grounded
Damping Flow Gain vs Frequency
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Figure 46. Damping Flow Response, P| Section, Mechanical Ground Input,

+2000 1b. Load
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FLUTT. . SUPPRESSION INVESTIGATIUN

Test: Flow Gain Response Date: 9 October 1984
Mode: Damped - ¥, Actlve

Load: +2000 1bs. (4581 psi)

Tnput Linkage: Mechanically Grounded

Damping Flow Gain vs Freguency
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Figure 47. Dawping Flow Response, P, Section, Mechanical Ground Input,

+2000 1b. Load
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Regponse Date: 9 October 1984
Mode: Damped - P Active

Load: +5000 lbs. (+1,453 psi)

Input Linkage: Mechanically Grounded

Damping Flow Gain vs Response .
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Figure 48. Damping Flow Response, P} Section, Mechanical Ground Input,
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FLUTTER SUPPRESSION INVESTIGATION

Flow Gain Response Date: 9 October 1984
Damped - P_ Active

+3000 1bs. “(+1,453 psi)
Linkage: Mechanically Grounded

Damping Flow Gain vs Frequency
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Figure 49. Damping Flow Response, P, Section, Mechanical Ground Input,

5000 1bt, Load
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Figure 50 shows a represeutative section of the strip chart dats. In addition
tc the traces shown, the input cowmand to the load system and the actuator
position were recorded but not presented because of the page size constraint.
The data shown is at 12 Hz at a load of +1200 1bs. The isolation piston and
and dsmping spool differential pressures resemble the losd syetew force
waveform gnd are in phase with the applied load. Ine waveform from the flow
meter output measuring the return line flow is a "double" frequency waveform.
The double frequency is created because the return line flow from a damping
epool is lowest at the 2pool null and iacreases each ride of null. As the
damping spool strokes through its total deflection in response to & sinuscidal
differential pressure, two flow peake are created.

The return flow waveform is neither the best nor the worst recorded during the
test measurements. At frequencies greater than the 12 Hz shown on Figure 50,
the waveform is attenuated but appears sinusoidal with little distortion. The
peak amplitude of the waveform and the time shift in relation to the input ioad
were used to generate the damping flow gain response plots. Note that because
of the flow waveform distortion, the amplitude and phase plots are not as
regular as plots made using & reeponse analyzer. A response analyzer uging a
Fourier transform technique looks oniy st the fundamental frequency component
at each test frequency. Because ¢f the frequency doubling characteristic of

the ~eturn flow, using a respomse analyzer for the flow gsin response
measurements was not practical.

Figure 51 ie a return line flow response plot of the modified F-4E actuator

with the damping sections disabled and a3 applied load of +4,000 1bs. This plct

shows the return line flow contribution frogm the mortwal conirol valve with the
actustor under load. HNote that the contribution is more than 20 Db down at 12
Bz.

Figure 52 ig a return line flow response piot of the F-4E actuator with the
dawping sections disabled ard an apprlied load of 17,500 1bs. The response
resembles that of Figure 51, with the return line flow response attenuated more
than 22 Db at 12 Hz from the 0.016 cis/psi design damping flow ar that
frequency. Since with the damping modules operating, the return line flow
response is a combinatiou of the control valve and dampiug spool flow. Figure
52 and Figure 51 indicate that the amplitude of the control valve flow above 1V

Hz (even if in pitase with the dampiag flow) hss littlie effect on the totsl
return line flow.

Figure 53 is a plot of the return lipe flow response to an applied load of
+2000 1bs with both damping sections of the control package operaiing. This
load creates a differential pressure across each drive area cf the actuvator of
291 psi. The response ig 4 to 5 Db below the design nominal dsmping flow of
0.016 cis/psi over the frequency range of 10 to 18 Hz. The phase of the flow
varies from -23 to -35 degrees over the same frequency range. 7The reduced
amplitude reasponse reflects the low differential pressure at this applied load.

The threshold of the damping and isolation piston cac reduce the effective flow
gein at low differential driving pressurcs.

Figure 54 is a plot of the return line flow response to an applied load of
24000 1bs with both damping sectious operating. The amplitude regpomse frowm 10
to 20 Hz meets or exceede the 0 Db design level of 0.016 cis/psi. The phase
anple relative to the ioput lomd is =22 to -34 degrees over the same frequency
vauge. The amplitude and phase response below 5 Hz is affected by the control



FLUTTER SUPPRESSION INVESTIGATION

9 October 1984
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Chart Data, Dynamic Flow Response at

Figure 50.
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 6 September 1984
Mode: Undamped - P} & Py Active
Load: +4000 1bs.

Damping Flow Gain ws Frequency
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Figure 1. Flow Gain Response, Undamped, +4,000 Lbs.
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Respouse Date: 6 September
Mode: Undamped - P, & Pz Active
Load: +7,500 lbs.

Damping Flow Gain vs Freguency
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Figure 52.
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Flow Gain Response, Undamped, +7,500 Lbs.
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FLUTTER SUFPRESSION INVESTIGATION

Test: Flow Gain Response Date: 6 September 1984
Mcde: Damped = L P, Active
] Load: +2000 1bs.
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| Tigure 53 . Flow Gain Response, Damped, +2,000 Lbs. A
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FLUTTER SUPPRESSION INVESTIGAT:

Date: 6 September 1934

Flow Gain
Damped - Pl
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Damping Flow Gain vs Frequency
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Figure 54. Flow Gain Response, Damped, +4,000 Lbs.
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valve flow contribution as expected and remains above O Du from 5 to 1 Hz.

This is ccnsistent with the amplitude response of the control valve alone as
shown previously on Figure 51,

Figure 55 is a plot of the return line flow response to an applicd ioad of
47500 lbs. This load produces a differential presaure cf 1,090 psi acroses each
of the actuator drive areas. The flow gain amplitude response remains sbove
the 0 Db (0.016 cis/psi) level from 10 to 19 Hz. The phase of the fiow

relative to the applied load is between -17 and -40 degrees over the same
frequency range.

' The operation of the control package with both the Pl autd P, damping sectioms

: was gatiefactory. There is still threshold effect on the flow gain respounee at

i iow excitatiov pressures, This is a direct function of the dawping spool lap

cornditions, washout orifice characteristics and the damping spool and isolation

; piston friction levels. Modification of these charscterisiics within limits can
be used to reduce the threshold level as required.

Flov Gsin Excitation Sensitivity

Figure 56 showe the damping flow gain vs differentizl pressure at 1Z Hz. Both
P) and P, sections of the actuator were operational and the mechanical input
connected to a ground point on the GPATR fremework. The differential pressure
scale on Figure 50 is for the differential pressure across each area of che
actuator. Note that the lowest pressure data point corresponds to a +500 1b
load applied to the test actuator. The largest differential pressure data
point corresponds to & +10,000 lb load applied to the test actuator. As shown
cn Figure 56, the flow gaim of the damping sections continues to increase up to
a differential pressure of 750 psi. The total increase from the lowest gain to
the highest i8 4.5 Db, The damping gain reaches the 0 Db (0.016 cis/psi) level
at 150 psi differentiel pressure. In designing the control package, the
porting erea was iucreased by a factor of two for the damfping spool. This
would correspond to a +6 Db gain on Figure 56. The flow gain dces not quite

reach the +6 Db level, indicating chat the integrated control package has some
internal flow restrictions.
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As previously stated, the threshold or low differential pressure characteris-

. : . ; . )
tics of the damping circuit are affected by the washout orifice "
characteristics, the friction of the isolation piston and damping spool, snd iy

damping spoo! lap conditions. The washout orifice used in the integrated
coutrol package was a "short tube" design. The flow characteristics with
applied differential pressure lie between that of a sharp edged orifice and a
long pipe. The sharp edged orifice flow characteristice are proportionmal to
the square roct of the applied differential pressure and independent of the
fluid viscosity, For pipe flcw, the flow is directly proportional to the
applied differential pressure and the viscosity of the fluid, The low
differential pressure sensitivity could be increased by using a long tube or )
pipe at the expense of having a washout break frequency be a function of fluid
temperature. The frictiom characteristics of the damping and isolation spool
were improved in che integrated coutrol package by increasing the drive area of
those elements. Friction tends to increase with diameter while the driving
force available for overcoming friction increascs as the square of the diameter
(for a given differential pressure). The limitation on the size increase of the
drive area i8 one of volume and weight. The lap conditions of the damping
8pool are establishcd when the spools are meter ground to the sleeve ports.
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FLUTTER SUPPRESSION INVESTIGATTION

: Test: Flow Gain Response Date: 6 September 1984
: Mode: Demped — Py & P, Active
t Load: +7500 1bs
1
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Figure 55. Flow Gain Response, Damped, +7,500 Lbs.
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Some small overlap is desirable in order to minimize the leakage through the
damping sepvol when the spool is at null. The damping spools for the integrated
package were made with a nominal 0 to 12 overlap.

Cons lusions and Recommendatiouns

1. The integrated control package operated nominally as expected from the
design. The increase of the damping spool and isolation piston drive aresas to
a value twice that previously used for modular damping units did reduce the
threshold and presented no packaging problem.

2, The flow gain characteristics &8s measured on the damping modules wmet the
required minimum damping flow gainm of 0.016 cis/psi at 12 Hz. The damping flow
gain at excitation pressures across the actuator drive areas greater than 700
psi was 0.025 cis/psi, giving a theoretical damping ratio of 1.58, The damping
should be sufficiently high enough to eliminate any amplitude peaking at the
torsional resonant frequency at any differential pressure above 75 psi
(corresponding to a load of #500 1lbs with both actuator sections operating and
+250 1bs with one section of the actuator operating..

N RERL S LA AT ey f e

0N R eren

3. The integrated control package with the hydromechanical damping sections
incorporated into the unit slong with the normal F-4 control hardware was
successful. The control package was larger than the normal F-4E control
package (as expected when adding additional hardware to an existing unit).
Howvever, the reducticn of the actuator drive area to 3.44 square inches each
section from 6.0 square inches provides a lighter, lower volume actuator body
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and a maximum rate flow requirement reduction cf 43% from the normal F-4 %h
actuator. .
Rt
4. The potential of load pressure feedback for flutter suppression is good. ;w
The use of load pressure feedback on aircrait flight control actuators has been ?ﬁ
quite successful on modern Europeau fighter-bomber aircraft. The techmique is f:

mechanized on a non-electric basis as part of the actuators coutrols designp.
The current trend it hydraulic systems is towards higher system pressures than
the 3000 psi supply pressure used on the F-4, With higher supply pressure, the
actuator drive areas are reduced (for s given actuator output). The area
reduction reduces actuator stiffness and for those suifaces that are stiffness
critical (slab surfaces such as canards and horizontal tails) the sirspeed au
which flutter occurs is decreased. Without increasing the actuator drive area
over that required for maneuver loads. some other technique of flutter
suppression is required. Since load pressure feedback potentially is a solution
to the flutter suppression problem for slab surfaces, it is recommeanded thet
the investigation to verify the techmique be continued. Being able to
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. mecharize tie technique hydromechanically has been established. With the -
acceptance or Fly-By-Wire ceontrol systems, the use of electronic pressure E;

_ sensors along with electronic gain and washout circuite in order to mechanize ]
ERR load pressure feedback is ecasily accomplished., It is recommended that this =
3 electro~hydraulic approach be investigsted for mechanization feasibliity and :J
limitations. :$

L 5. It is also recommended that the energy absorption technique represented by
the damping of the torsional resonant frequency be wind tunnel investigated.
The F-4 tests run previously were inconclusive. A model spproach tc
mechan’zing a8 surface for testing could be used to verify or disprove the
approach.
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SECT1ON 1II.
MOVING MAGNET FORCE MOTOR

Genergl Discussion

With the development of high energy product rare earth magnet materials, many
pnev magnetic circuits foxr force motors which can be used to drive hydraulic
valves have become practical. The circuit options include moving coil, moving
iron ard moving magnet. Both moving coil and moving iron configurations have
been developed and tested. The moving msgnet configuration for rotary output
has been developed in the form of permanent magnet motors. The moving magnet
configuration fer linear output (with a general arrangement of a solenoid) has
not been extensively investigated, although the configuration can be easily
used for hydraulic valve drivers.

The moving magnet force motor operates much like 8 solenoid with a magaeticelly
saturated armature in that the force tends to be directly proportional to the
input current. Magnetic materizls made from Cobglt and rare earth material
have the characteristic of high resistance to demagnetization in the presence

of opposing fields. These materials are therefore quite suitable for the moving
magnet application,

The investigation conducted on the moving magnet force motor was primarily
experimentsl, using available samples of rare earth magnet material.

Techaical Approach

Figure 57 1is a cross section of the force motor configuration used for the
investigation. The magnet material used was RAECO 16, a Samarium Cobsalt magnet
material developed by the Raytheon Company in Waltham, Mase. Three different
lengths of 0.500 diameter magnet were evaluated. The lengths of magnets used

were 0,187 inches, 0.25 inches and 0.300 inches. The magnets were polsarized
axially.

As shown in Figure 57, the center of the magnetic circuit surrounding the field
coil was designed to sllow changing the width of the air gap and the location
of tue gap relative to the position of the moving magnet.

The field coil used for the eveluation was constructed of 1000 turne of AWG 24
aluminum wire. The ¢2il wires were held in place by EA 929 aerospace idhe-ive
(manufactured by the dysol Divieion of the Dexter Corporation). The measured
coil resistance was 14.5 ohms. The magnetic circuit surrounding the coil was
constructed of 416 stainless steel. Thie s.ainless steel has 8 saturation flux
level similar to carbon magnet steeel and a lower magnetizing force
requirementthan zarbon maginet steel (for & given induced flux level).

The operation of the force motour configuiation shown is based upon an
attraction and repulsiuvn of the cylinderical wmagnet by the flux induced in the
gap of the magnetic circuit surrounding the coil. If the magnetic circuit is
pot saturated, the flux in the gap c¢f the circuit is proportional to the coil
current, and the flux polarity is dependent on the coil current direct.on. The
wagnitude of the force output of the configuration is therefore propartional to
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current in the coil, and the force direction is determined by the current
direction. This force terds to be independent of the particular position of the
magnet location in the gap.

In additiou to the control force which is depend- - ~» the coil current, there
is a force of attraction which is dependent on .. ,-sition of the magnet in
the gap. This is simpiy the force of attracti of & magpnetic pole for the
416 stainless steel defining the air gap. This att:actioc tends to attract the
megnet towards one end of the air gap. Spring centering is therefore neceseary
to maintain the magnet in a particular operating position.

Magnetic Circuit

_J////-Coil

I
LA N — Air Gap

Magnet

Figure 57. Force Motor Crossection
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Maguetic Circuit Calculatien

The total flux induced in a magnetic circuit by a coil having N turns and
carrying a current [ is given by the expression™:

0.4TNI

§ - (Equation 8)
m

> /A

i=1

Where: § = Total Flux in maxwells

1; = path length in cm

. 2
A; = path srea in cm

U, = relative permeability of path material
(relative to air)

N = Number of turns in the coil
I = Current in the coil in amperes

m
2~ 1li/AiUi = reluctance of the magnetic path

i=1

For the configuration of Figure 57, the reluctance of the iron portion of the
circuit is:

Ry = 5.26/u, (Equation 9)

Where for ug, = 900 for 416 Stainless Steel at en
induced flux level of 2000 to 10,000
gauss

Ry = 5.28/900 = 0.0058

The permeability of the air gap (U of air = 1} is the quantity (length of the
gap)/(area of the gap). The area of the air gap in Figure 57 is 2.11 cm.“ For
a gap length of ¢.475 cm (0.187 in), the air gap reluctance is:

Rg = 0.475/2.11 = 0,225
Note that the reluctance cf the iron porticn of the circuit Ry is much swaller
than that of the air gap R,, indicating that changes of the iron permeability
with circuit flux level can be iguored.

1Baumeister, T. B. & Marks, L. S., "Standard Handbock for Mechanical
Engincers", McGraw-Hill Book Company, i$67, p. 15-21,
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For the circuit of Figure 57, and an air gap length of 0.475 cm. (0.187 in.),

the total flux in the magnetic circuit is:
@ = 0.4 NI/(0.275 + G.0058)

Q = 5.515 NI maxwells

(Equatiorn 10)

and the flux density in the gap (ignoring leaksge) equation is:

B = &/a8
B = 5.515 NI/2.11 cm?

B = 2.613 NI gauss

Permanent Magnet fize

(Equation 11)

The permanent magnet pole flux directly effects the force output of the moving
magnet force motor (the force cutput being propertional to the product of the
gap flux field times the magnet flux field). The constraint on the selection of
the length of the moving magnet is to operate a B/B ratio which gives the
greatest pcle flux demsity without devisting very far from the highest constant
energy product curve. The B/H ratio is the ratio of the flux in the magnet to
the magnetizing force of the magnet corresponding to the operating point on the

B/ - -
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Figure 58. Typical Demagnetization Curve RAECO-16
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demagnetizaticn curve. Figure 58 shows & typical magnetization curve for RAECO
16, obtained from the manufacturer’s product data. Note that at B/H = 1, the
magnet is operating at its highest energy product point (BH = 16). For B/H =
2, the induction curve B intersects the BH = 15 energy product line at about B
= 5600 kilogaues. For B/H greater than 2, the induction curve B departs signi-
ficantly from its tangential relationship to the BH energy product curves and
the magnet operates at lower energy product conditions, Since the minimum
magnet volume in a given circuit occurs when the magnet is operated at its
maximum energy product point, operating the RAECO 16 moving magnet at B/H much
greater than 2 (or B > 5600 gzauss) is inefficient.

As a starting point for sizing the moving magnet, the following geueral
relationship for the B/H value can be analyzed:

B/4 = Lu(Pg + P1)/Ag (Equation 12)
Where: B = magnet flux in kilogauss

H = coercive force in orsteds

L, = magnet length in cm

Ay = magnet area normal to magnetization direction
in cm

Pg = gir gap permanence

P) = leskage permzaence
For am open-circuit magnet with no defined air gap, all the permeance is
leakage permeance. This leakage permeance is a function of the exposed

surface or limb. A convenient approximation of the permesnce as a function of
area is“:

Py = 1.77 s1/2 (Equation 13)

Where: S = 1/2 the total expornd area of the magnet
(the area of & limb)

This equation i8 based upon the concept that each limb of a magnet can be
considered as a spherical pole whose surface area is the same as the surface
sareg of the limb. For rare earth magnets, the effective pole spacing is
essentially the length of the magnet.
For an axislly polarized rod magnet, the surface area S is:

S =(n/4) D2 +nDL /2 (Equation 14)

Where D = diameter of magnet in cm.2

L, = length of magnet cm.

Nitachi Magnetics Corp., "Permanent Magnet Menual", p. 16.
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Combining Equatious 12, 12, and 14 gives an expression for B/H in terms of the
diameter snd length for an open circuit rare earth wagnet:

B/H = 2 Lm(D2 + 2DLm)1/2/D2 (Equation 15)
Where: D = diameter of magnet
Ly = length of magnet

For Raeco 16 (reference Figure 58), the maximum energy product occurs at B/H =
1. For 0.5 inch dismeter magnets, the corresponding theoretical magnet length
18 fouud (by using Equation 15) to be 0.210 inches.

For magnet lengths greater than 0.210 inches, the B/H ratio increases with
increasins megnet length. As B/H increases, the pole flux B increases
(reference figure 57). For Raeco 16, increasing B/H from 1 to 2 increases the
wagnet flux density from 4.2 kilogauss to 5.5 kilogauss (a 31%Z increase). For
this change, the energy product decreases from 16 to 15 Mega-Gauss-Orsteds (a
6,22 decrease). For the moving magnet force motor, the cutput force increases
more rapidly than the magnet volume as B/H is increased above the maximum
energv product operating point. The limit for this chsracteristic is the B/H
at whach the energy product curves and the induction curve diverge. This
occurs for B/H > 2 for Raeco 16 as shown in Figure 58.

The preceding discussion considers the magnet in an open circuit condition.
For the moving magnet force motor, the magnet is not operated in an open
circuit. As shown in Figure 57 for the force motor investigated, there ig a
soft iron path from one pole of the magnet to the other over greater than 50%
of the magnel length. For a given {orce woior aif gap lengih, ithe peiceniage
of the wmagnetic path which is soft iron increases with increasing magnet
length. The effect of the iron is to decrease the reluctance of the magnetic
path between poles and to increase the B/H operating point of the magnet. This
18 apparent when Equation 12 is examined. Therefore, the effect of asoft irom in
the magnetic circuit is to increase the B/H value for the permaneut magnet and
the pole flux demsity, sllowing a shorter magnet for a given pole flux density.

Evalaation Procedure

To evaluate the characteristics of a moving magnet force motor configuration,
sample qnantities of 0.500 inch diameter RAECO 16 magnets were purchased in
lengths of 0.187, 0.250 and 0.300 inches. A 1000 turn coil of #24 aluminum wire
was fabricated and the 416 SST irom circuit of Figure 57 constructed with
an adjustable air gap. The force motor was mounted in a holding fixture and
connected to a force transducer. The force output of the motor as a function
of coil current and magnet positicn in the gap was measured for three different
gap lengths. In addition, the force of attraction of the magnet for the gap
pole faces without coil current was measured as a function of the magnet’s

position in the air gap. Also measured was the flux change in the air gap as a
function of ceil current.

Figure 59 shows the test assembly used to measure the force output
characteristics of the moving magnet force motor. A Daytronic Model 152A4-100T
transducer was used to measure force output of the force motor. This transducer
has a force measurement range of + I00 1lbs and & linearity of better than +0.1Z
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of full scale. A variable DC power supply was used to supply current to the
force motor coil. A Bell Model 610 Gsussmeter was used to measure the pole
strength of the test magnets end the flux change in the aix gap of the force
wotor.

Figure 60 shows the force motor partially disassembled. Note the threaded

ioner sleeves of the force motor housing which allowed changing the lemgth of
the air gap.

Test Results

Open Circuit Magnet Strxength

The wcasured open circuit pole flux density for the three lengths of Raeco 1b
magoet was the following:

Measured Flux Theoretical
Magnet Length Density lux Density
in Ioches in Gauss Calculated B/H in_Gaugs?*
0.188 2200 0.995 4000
0.25 68 1,414 4900
Q,100 2600 1.7%0 5300

- s e w

*The theoretical flux density is obtained from Figure 58 using the B/H value
calculated by Equatiom 15.

From the above data, the following two observationa can be made:

1, The 0.300 inch length magnet was appareutly & poor sample. Normally
an incresse in open circuit magnet length {(for the same crossection magnet
size) will result in au increase in pole flux density. However, the 0.300 iach
length magnet exhibited a lower pole flux density than the 0.250 inch long
nagnoet .

2. Tke B/H valu: celculated from Equation 11 doee not give pole flux
values which agree well vith the measured results (for the two magnet lengths
of 0,188 acd 0.25 inches), However, a correction factor* of 0.4 for Equatiom 15
would give good agreement between the measured and theoretical flux denmsity
velues for both the 0.188 inch and 0.25 inch long wagnets.

*Subsequent to tkis force motor evaluaticn testing, three other open circuit

magoets (axially polarized) were tested for pole flux with the following
results:
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Magnet Dimensions Correction Factor BRequired

(inches) Material for Equation_ 195
0.500 Diameter Tascore 21 0,231
x 0,500 long
2.00 Diameter Raeco 16 0.690
x 0.500 long
2.75 Diameter Tascore 21 0.567

x 1.000 long

Thie indicetes that Equaticm 15 did not yield consistent prediction of the open
circuit pole flux for the rare =arth magnets tested (since the correctior
factor required varies between 0.231 to 0.690) and shculd be used with caution.

Air Gap Control Flux Density

Figure 61 is # plot of the flux deusity induced in the air gap of the force
motor by the 10600 turn coil. The flux was measured with a gaussmeter with the
probe inserted in the gap as the coil current was varied. The moving magnet
was not installed in the force motor during the measuremeats.

Notethat Figure 61 shows the flux density-va-~coil current for taree different
air gaps. The relationship is fai ly linmear for ail three gaps, indicating
that the permeability of the circuit is primarily determined by the air gap and
thet no sigrificant ssturation of the iron in the magnetic circuit occurad for
the coil currents used. The 0.116 inch air gap (which creates the highest gep
flux density for a given coil current) exhibits the worst limearity, showing a

selight rolloff of the flux demsity/currenmt gain with curremts above 0.75
amperes.

The measured flux density or 1700 gauss for the 0.187 inch gap and 1000 ampere
turns excitatiou is ) 288 than the 2613 gauss predicted by Equationll. This

indicates that the magnetic circuit of Figure 57 haes a nominal leakage factor
of 1.5.

Test Setup - Force Qutput Measurement

Figure 62 is a schemat.c of the teat setup used to measure force output of the
force motor. The same setup was vsed for measuring the ouiput force as a
tunction of input current and the output force which is a function of the
wmagnet position in the air gap at zero input current.

Figure 63 illustrates how the magnet’s location relative to the air gap poles
was defined for the force measureuments.

Test Results - Bias Force Output

Figure 64 i8 a plot of the test results for the zero input current force as a
function of uwagnet length. Note that data for gap lengths longer and shorter
than the magnet length are presented for both the 0,188 end 0.250 inch length
magnets. The direction of the bias force is indicated on the figure.
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Figure 62. Schematic for Test Setup
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Note that es shown in Figure 64, the bias force change with magnet position for
ell air gap and magnet length combinations is monotonic, and centering
stability can easily be accomplished by using linear centering springs. For a
linear bias force gradient {such as measured with the 0.250 inch length magnet
and 8 gap length less than the magpet length) the linear centering spring can
be sized to almost cancel the bias force gradient, avnd there will be very
little bias force effect on the force output available from control coil
current. For a non~linear bias force gradient {such 28 measured with the 0.250
inch length magnet and the 0.258 inch length air gap), the linear centering
spring must be sized to provide a force greater than the bias force over the
entire movement racge of the magnet. Therefore, with the non-iinear bias force
characteristic, part of the force produced by the coil current will de used to

overcome excess centering spring force (over some portion of the movement range
of the magnet).

For all three sample magnets, the maximum bias force was less than (.52 1lbs.
The non-linearity of the bius force appears to be independent of whether the
aix gap is greater or less than the length of the magnet. From the shape of
thc bias force gradient curves, cancellation of at least 75X of the ceutering
spring force by the bias force would occur. Therefore, for the worst case shown
in Figure 64, an uncancelled force ¢f 0.15 1bs would have to be overcome by the
coil current at sowe particular wagnet operating position.

Test Results - Current Controlled Qutput Force

Figures 95, 66 and 67 present the results of the output force measurements for
cutput fovce as a funcitiow of coil ¢urieni, waguet lengih, waguet position aad
air gap length. For each of the figurer, the bias force is not included ia the
presented data., The bias force was "zeroed"” out for each magnet position as
the data wes recorded. Both "negative” and "pusitive” force measurcments are

presented and correspoud to the change ic current flow directiorn through the
coirl.

Figure 65 shows the force characteristics for an air gap of 0.116 inches. Note

that for the 0.187 and 0.250 inth length magnet, the output force at & given

current level drops off for magnet positions from 0 to 25% of the air gap (note
that as shown in Figure 63, 07 is with the face ot the magnet in line with one
pole piece and the body of the magnet extending across the entire air gap. For
magnet positions from 50 tc 1002 of the air gap, the force output for given
current level remains relatively constant. Note that the drop off in force
between the 25 and O positions of the magnmet is reduced as the magnet length
is increased (although all maguets are longer than the air gap used with Figure
65). From the data on the figure, it appears that the best operating stroke for
the moving magnet occurs between 25 and 757 of the air gap. The output force
for | ampere coil current is over 2 1bs for all three magnets. The linearity
for the output force to imput current relationship is indicsted by the spacing
between the force curves for differenmt current levels at & particular magnet
position. Some ssturation non-linearity is apparent at some magnet poBitions.
However, for coil current below ! smpere, the output change appears linearly
related to input current for a given magnet position,

Figure 66 shows the test results for an air gap of 0.187 inches. For the magnet
length of 0.187 inches, the output force drops off when the magnet is more thar
50% extended into the air gap. For the 0,250 and 0.300 inch length magnet, the
force curves resemble those obtained with an air gap of 0.116 inches. For
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these longer magnets, the best operating range appears to be with the face of
the magnet positioned between 25 ard 75X of the gap. Note that the maximum
force obtained frum eech of the magnets is lower for a given current level than
with the shorter air gap of Figure 65. This is due to the lower current
controlled flux change associated with increasing length of the air gap.

Figure 67 phows the test results for an air gap of 0.258 inches, This air gap

is longer than both the 0.187 and 0.250 inch magnet lengths. The effect of the

magnet length being less than the gap is apparent in the force curve charac-

teristic for the 0 to 25% wagnet position range. The operating range of 25 to

752 is valid for the 0.300 inch length and 0.250 inch length magnet. The

maximur force for a given current level is lower than with the shorter air gaps

shown on the data of Figures 65 and 66. The characteristice of the force .
curves for * coil current directions are identical.

Sumisry and Recommendations

The force motor configuration operated as expected. The force output with the
particular magnet material and magunetic circuit measured nominally 2 1bs/1000
ampere turns. The force output drops off with increasing sir gap for a given
magnet size and the same coil current. However, the percent force drop off is
not proportiovel to the percent gap imncrease, as illustrated oy the following
data from Figures 65, 66 and 67 for the 0.300 inch length magnet:

E Air Gap Force Magnet Location Coil Current

' Inches _lbs. )4 Ampercs

; U.11e 2.3> 0 1,00
0.187 2.00 50 1.00
0.250 1.70 50 1.00

Using the force of 2.35 1bs and the air gap length of 0,115 inches as a base,
the relative percent changes of force and air gap for the above data are:

PSSR T R M A St a0 e

Alr Gap %2 Change of Air Gap X _Change of Foxce
: 0.116 0 0
? 0.187 +60 -14.9
E 0.258 +222 -27.7

The work donme by the force motor is proportional to the product of the cutput
force and the distance moved. The useable motion range is 25 to 75Z of the gap
for all three pap lengths tested (fcr cases where the wmagnet is longer than the
gap length). From the results listed above, it appears that the efficiency of
the force motor is still increasing with increasing air gxap (over the range of
air gap evaluated).

SR PR L Ui Rt 40 Ll

reeceng o

The long stroke capability of the force motor potentially makes it useable as a
positioning driver for control devices. The long stroke capability also
provides the poiential for creating a higher force outpul over a short stroke
by mechanical gearing.




The force wctor configuration has significant potential as a driver for control
devices, and it is recommended that the techpnique be investigated further
specifically, the effect of using higher emergy product magnets (which are now
readily available) and longer magnets and air gaps should be pursued.
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SECTION 1V.
DIRECT DRIVE VORCE MOTOR FWEANCEMEAT

Cemeral PMiecussion

Direct drive servovalves have be2n developed for flight control system use
under teverxal Air Force funded development programs. Included in these are
contvacts F-33615-75~-C-3608 and F33615-77-C-3C77 with Dynamic Controls, Inc.
and contract F33615-76~C-3037 with Ceneral Electric. In a direct drive valve
degign the maiv control spool is driven directly electromechanicelly. The two
stage contrcl valve with ite hydraulic amplification is elimiuated. When used
in a redundant Fly-By~Wire syetem, the secondary actuator used to mix the
output of the parzllel channels used for redundency is eliminated. The direct
drive approach to mechanizing a control valve has resulted in reducing the
total parts count of the valve. Several of the parts eliminated, such as the
components making up the flapper-nozzle or jet pipe first stages require
precieion msnufacturing techniques. vecause the hydraulic amplification stages
sre eliminated, the direct drive approech is less sensitive to contemination

and more energy efficient (the quiescent leakage flow of the first stage is
eliminated).

A parameter in which the direct drive servovalve falls short of the
conventional two stage valve is the force that can be gpplied tc the spoe in
order to break it fre: from a jammed condition. For example, a8 two & age
servovalve wiih & 0.375 iuch dismeier maiu spovl can exeri siighily over 3380
1bs of force on the 8pool when the velve is supplied with 3000 psi. The direct
drive servovalve developed by DCI under the above contracts will generate 80
lbs of fovce with two channels operating. The 80 1b design force is based upon
using twvo valve drivers with each having an output force capability of 40 1bs.
The dusign force is the force required to shear a8 0.015 inch diameter safety
wire with the control spool edges.

There 15 come contentior that a 40 lb force level may be inadequate to overcome
a spool jam, although specific design values have not currently been
established. Therefore, DCI investigated a technique which will, upon demand,
double the force out of &4 linesr force motor. The techrnique can be used with
either a moving coil force motor or a moving magnet force motor where magnetic
saturation with inpul current does not occur. If applied to a wmoving iron force
motor, the magnetic circuit would have to be designed to remain relatively
unsaturated for both the normal input aud enhanced control input. For the
investigation, DCI modified hardware previously developed fcr a direct drive
control valve flight teet program.

Techunical Approach

The direct drive servevalve designed by Dynamic Controls, Inc. is based upon
using a moving coil in 8 permanent magnat structure. The suspension used to
guide the coil &and provide spring centering is a folded design which
accoumodates packaging. Since it is a moving coil design, the force motor
exhibits no outpulL force ssturation with increasing coil current.

For the normal (flight test version) DCI force motor, the 40 1b output force
used as a deeign output for the force motor is generated with a total imput
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current ¢f 1.7 amperes each coil section. The force motor c¢oil uses two
sections, eack coil section electrically isolated. The output force capability
of the DCI force motor design is dependent on the lcad capability of the
flexure pivots used in the folding suspension. The flexure pivots are selected
for a particular output force capability, based upon & minimum of 1 x 107 full
scale cycles of design load and output deflection.

In order to accept the higher loads associated with the force enhancement
technique, the suspension of the flight test direct drive control valve was
modified to use larger pivot flexures which had a higher bearing load rating.
Using larger bearings required reducing the force multiplication ratic of the
linkage relative to that of the flight test force motor. Figure 68 18 a plot of
the available force from the modified force motor for inputs of up to +10
amperes into ome coil. Note that the generation of 20 1lbs output from one coil
requires 2 amperes into a single coil section. This is higher current (2 amps
ve. 1.7 amps) than the flight test force motor at the same force output. This
difference between the input levels reflects the change of the linkage ratios.

To increase rhe force output of the force motor requires increasing the inoput
current. Becguse of the good linearity characteristics of the moving coil
force mwotor, doubling the force output requires increasing the current applied
tc the moving coil by a factor of two. To provide the ircreased force
capability on a full time basis requires doubling the driving voltage to the
coil and doubling the current output of the driving amplifier. For example,
for the DCI direct drive coils with a 10 ohm resistance for each coil section
(includiug the external connecting wire and coil current feedback resistor),
the driving voltage must incresse from 17 to 34 volts. The power supply for the
driving amplifier would have to increase in size and weight. For example, the
DC to DC inverters used with the DCI direct drive F-4 aileron actuator flight
tested at Edwards Air Force Base (reference AFWAL-TR-82-3035) were Abbott
Transistor Laboratories Model CC 16D2.0 (providing 2 amperes a+ 16 volts).
These supplies weighed 3.9 lbs and had a volume of 71 cubic inches. The nearest
Abbott supply towards meeting the double voltage and current requirement is
Model CC 30D3.5 (3.5 amperes at 30 volts). This supply has a volume of 145
cubic inches and weighs 7.9 1bs, a nominal weight and volume increase a factor
of 2. In addition to the power supply size increase associated with the force
output capability doubling, the servoamplifier used to drive each coil would
also become physically larger in order to dissipate the increased heat
associated with the increased output power level.

The penaity in terms of weight and volume is considerable for a capability that
may never be used. If rthe iuncreased force requirement is viewed as an
emergency wmode, there 1s available another approach to the valve jam problem.
The contaminate which causes a spool jam can be cousidered a temporary protlem
that requires additional energy from the force motor for a very short veriod of

time. To provide this additional energy, a low cost energy storage system
could be applied.

The epproach in providing an energy storage system f{or the force motor was to
stcre the energy in a capacitor. The energy is then discharged intc the
force motor coiis as required. Discharge of the capacitor into the direct
drive valve coil would occur when the electronics of the control system
determine that a spool jam has occurred. In order to determine when a spoc!
jam has occurred, the following is worthwhile considering:
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l. Forward Path Error Volctage - The forward path error voltage can be
monitor 1. When the amplitude exceeds that required to produce the maximum
normal rrent input into the direct drive valve, the cnergy storage system can
be activated. The polarity of the error voltage being monitored can be used to
determine the polarity of the current enhancement applied to the system. Note
that there are two conditicns which normally would cause the erergy storage
gystem to activate when not needed, These are when velocity saturation or
position sasturation of the actuator occurs.

2. Actuator Position - For position systems where the actuator position
reaches ite mechanical limits before the input command amplitude saturates, the
forward path error can build te a value greater than that necessary to create
the maximum normal input current into the valve.

3. Commaund Input Characteristice - For step inputs and sinnsoidal inputs
of large amplitude, the actuator cannot respoud rapidly enough so that the
error voltage (input command minus the actuator feedback voltage) re¢ ains below
the level for maximum mnormd: input current to the servovalve.

4. Erzor Voltage Polarity - For a normal operating control valve, the
direction of the actuator motion and the error signal polarity have a constant
relsaticnship. When a control valve is held open by contaminant carried into the
flow porting cf the control valve sleeve, the relationshifp between the actuator
motion and the error signal reverses from normal. This is because the system
it which the actuator 1s used will command the actuator to stop and return as
it ccntinues to move 1n response to the jammed open control valve.

There are several techniques for determining when & control valve jam occurs.

The following use forward path error voltage monitoring as part of the
technique:

a. A math model of the actuator control loop can be used to generate a
prediction of the forward loop error voltage. The math model includes the
velocity and position saturation characteristics and uses the actuator load
instrumentation to modify actuator race prediction, This model technique does
involve using the actuator position, actuator command and actuator load signals
as inputs to the mouel. Deviations of the actual feorward loop error from the
predicted exror can be used to initiate the force enhancement operation.

b. If the flow control ports in the valve-sleeve combination are of a
shape where the length of the port is greater than the width (as in an F-16 ISA
main control valve), the contaminant (8uch as a piece of lock wire) would hold
the coutrol valve open at a pusition which is less than meximum valve stroke.
The actuator would then move at some velecity less than maxXximum rate. At the
same time, becausc¢ the actuator was not tracking the input commands, the
forward path error voltage would 1ncrease tuo greater than that for maximum rate
of the actuator., The condition of the actuator rate being less than maximum
rate and the forward path error voltage being greater than that for maximum
rate can be used to initiate the force enhancement operation.

¢c. If the forward path error polarity and the polarity of the actuator
rate disagree from the norwmal relationship, a jam can be declared and the force
enhancement operation 1nitiated. An amplitude threshold for the polarity
comparison should be used to prevent "nuisance” force enhancement operation
with low amplitude signals and noise.
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i Although any of the preceding techniquee can be used to identify a jam

condition and initiate the action for applying additional force to the control
epool im order to free the jam, the game energy storage force enhancement
mechanization would be used for all jam idertification methcds. For the force
enhancement investigation, the jam determination technique used was technique
"»" preceding, with the "jam identification" criteria being the actuator
velocity below some pevcentage of maximum rete and the forward path error being
above the level to generate maximum actuator rate.

Figure 69 is & logic diagrsm for the particular technique used for the .
investigation to identify a jam. Note that the criteria of the actuator

velocity being less than 25% of maximum rate and the forward path error minimum

level criteria of 2002 of maximum velocity was used. The additional logic -
decisions shown on Figure 69 relate to whether the charging system has stored

the charge necessary and whether the actuetor velocity and forward path error

criteria being wet are caused by the actuator being "bottomed out". Note that

the polarity sign of the error corresponds to applying a force to the spool

which would cause the spool to move in a direction to drive the actuator

towards a particular end stop. This relationship is the same force to actuator

direction relationship of the normal operating system.
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Upon force enhancement activatiom by the logic diagram of Figure 69, a8 charged
capacitor is coannected to the supply voltage of the servoamplifier driving the
servovalve ccil. This momentarily boosts the ocutput voltage applied to the
servovalve coils in the proper polarity. The servoamplifiers used in the flight
test hardware designed and fabricated by DCI used Burr Brown Model 3572
operational power amplifiers. These amplifiers are capable of a continuous 60
watt output {up to #30 volis si +#2 amperes). Tne amplifier specifications
allow up to +5 amperes for a duration of S milliseconds. For this particular
amplifier, the supply voltage tcv one side of the supply could be increased to
43 volts (maintaining the total differential supply voltage at or below the 60
volt manufacturer’s limit) without exceeding the short term current limits.
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In selecting the force enhancement pulse duration, some criteria needs to be
appliad. The criteris used for the research activity was that the pulse length
be long enough to allow the valve to move through its full peak strcke as 2 ,
minimum. For the direct drive valve used with force eahancement investigatioa, \
the response of the valve was -3 Db at 60 Hz (referenced to a stroke of +0.014
inches at 1 Hz, This correspounds to a first order response with a time
conetant of 2.6 milliseconds. For the applicaticn of s pulse smplitude
sufficient to drive the 8pool to twice its normal stroke or 0.028 inches, the
spool motion in 5 williseconds can be estimated from the step response

expression for a first order lag system with 2 time constant of 2.6
milliseconds as follows:

ES ( "T./
X xinkl-e r)

out L]
Where: T = the pulse duration in milliseconds B
7 = the system time coastent in milligeconds "
Xin = the steady state input displacement N

= -5 2-6
Xour = 0.028 ( 1 - ¢73/2:6)5

X.ut = 0.024 inches
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From this calculation, it is apparent that a 5 millisecond force eahancement

¥ pulse is more thsn adecquate to move the control valve through more then its
; pormal peak stroke of 0.014 inches.

With some servovalves, the L/R time corstant can be a significant portiom of
the response time constant. For the moving coil force motor used for the force
enbancement investigation, the 10 ohm coil had a measured inductance of 0.001
henrys. This gave an L/R time constaat of 1 x 107" seccnds which is less than
4Y of the valve response time constant and 2% of the pulse duration. The L/R

time constant of the valve would therefore not affect the operation of the
pulse force enmhancement circuit.

e T T Y R
E A e e

; Figure 70 is & photograph of the force enhancement test setup. As shown in
£ this figure, the failure detection electromics were breadboarded on & separate
&3 chassis. The solid state relays used to counec: the storage capacitor to the
%’ supply of the servoamplifier were alsc mounted in the chassis. The demodulstor
L shown in this figure was used with the load cell to measure the force output of
hg the servovalve driver. The force motor and the control valve of the flight
%ﬁ test hardware were mounted in the fixture. One force motor was removed from
;é the direct drive control valve assembly in order to couple the ferce motor
e output through the control spool to the load cell. The force motor test
Qﬁ assembly is shown mounted in the vertical position. This position was selected
Soa in order to retain the fluid in the magnet structure of the force motor for
§{ heat transfer from the direct drive coil.

%& Mechanical Design

&

48 stated previously, the direct drive valve used for the force enhancement
evaluation was developed for a flight test program and had a design force
capability of 80 lbs minimum at null. In order to accept the higher force
output capability of the coil with the force erharncement electronics, the
suspension system required modificaticn. The original suspensjon systeuw had a
design maximum load capability of 120 1bs. The redesigned suspensiou providad
for an allowable output force of 240 1bs. This provided an indefinite
suspension life while operaring at the normal 4 1b maximum output. Operating
at 106 1bs output would provide an estimated life of 25,000 cycles. Since
force enhancement should normally be required very infrequently in the life of
a coutrol valve, the 25,060 cycle life appeared adequate.

The larger load capacity suspension required that the linkage ratio be reduced
from 6.9:1 to 5.11 in order to fit into the original force motor package

envelope. Since the linkage ratio is the force multiplying of the fcrce of the -
: coil to the output force, the modified force motor had a slightly lower force
o d gain in 1bs/ampere than the original design. However, the force enhancement
Lo electronics provided higher peak levels of output force withcut causing damage ‘

to the suspensior system.

Eiectronic Design

The oormal direct drive control electronic specifications before molification
with the force enhapcement design were as follows:

Servoamplifier Gain: 0.38 smperes/volt
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Supply Voltage: *17 volts
Coil Resistance: 9.5 ohus

s The normal driving current to the force motor coil was limited to +1.6 amps by
L the supply voltage of +17 volts. In addition, the amplifiers incorporated
L external current seneing resistors which were sized to limit the current tc
% +1.7 amperes for amplifier protection. A4s part of the force enhancement
modifications of the control elestromics, the current sensing resistors were
changed to allow a current outpnt of +5 amperes. In additiom, the 0.05
microfarad cepacitors originally connected between the amplifier”s supply
voltage input and ground were removed, This prevented the supply line filter
capacitors from absorbing part of the force enhancement pulse. To preveut the
normal power supply from suppressing the enhancement pulse, diodes were
installed in the supply lines, These diodes prevented current flow back into
the +17 volts supply linpes.

Figure 71 is the schematic of the elaectronics for the force enhancement
circuit. Only the servoamplifier enclosed inm dotted lines is part of the normal
force motor or comtrol loop electromnics. All other electronic components shown

. on the schematic are associated with providing the force enhancement
capability.

Comparators U;, U; and Uj are qued comparators used tc make the logic decisions
for the jam determination. Comparators Uj_) and Uj_o ere set for trip levels
which are double the normei +4.2 volt servoamplifier input voltage for maximum
valve pesition. These comparators identify when the forward path error voltage
is at least 200% of the forward path error voltage for peak control valve
stroke. Comparators Uj.3 and Uj., identify when the actuator 18 at the
mechanical extend or retract end stop positions. Note that the "pullup"
resistor for the extend command and extend endstop comparator outputs is
shared. The "pullup" resistcr for the ratract command and retract endstop
compasrator is also shared. This technique prevents force enhancement when the
actuator is coumanded hardover and reaches the end of its stroke. Uj_; and Ujp.
are used to identify actuator velocities greater than 25% of the full slew
rate velocities. The actuator velocity is derived from the actuator’s pesition
transducer output sigual. For the test setup, the integration of the actuator
was modeled electronically. With this test setup, the onset of actuator rate ;
changes hss no time delay relative to the forward pzsth error signal. With the N
actuator in hardware form, a passive time delay filter would have to be a
inserted in the forward path error sigral to the comparator. This filter is
required to compensate for the dynamic response characteristics of the

servovalve causing a phase ghift between the error voltage and the actuator
rate signal,

Test switches S, S, and 53 are provided to simulate conditions causing the
enhancemert logic to operate. Uz_3 and Uz_4 determine the charge status of the

storage capacitor. Uj_; and U3_2 are used as AND gates to provide the -
monostable multivibrators Ug.) and U4y with a8 pulse when the enhance -3
conditions are met. The pulse duraticn from Uy ) and Uy 7 had an adjustuent .

range of 3 to 8 milliseconds, The pulse duration for the evalustion testing
wgB 8et at 5 millisecouds.

. e

The_output transistor s Ql and Q2 drive, Kj) + K3 and K3 + K4 optically isolated
solid stste relayes respectively. Two relays are required for conmection of the
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: capacitor to the + supply line and two relays for commectiou to the - supply
line. The increased voltage is isolated from the supply lines from the normal
+17 volt power supply.

The charging voltage for the energy storage capacitor is generated from the
transformer coupled rectified output of the wein bridge type oscillator using
ampiifier A,, The design oscillator frequency was 10 KHz. The output amplitude
of the oscillator was adjustable in order to establish the charging voltage
level.

SR

Test Procedure

SACSTIRBI TS KT Ty

The modified direct drive force motor was mounted in the test fixture and
P connected to the Daytronic 520-100 load cell. The load cell signal conditioner
gain was verified at 10 1lbs per volt. The rate frequency response of the load
cell and its electronics was rated at less thanm -3 Db at 1,000 Hz. The
operation of the enhance electronics and force motor cutput was verified by
recording the following:

B Slad

E 1. The resonance frequency of the suspension (by recording the velocity
3 q y ) )

5 generated open circuit voltage of onme of the force motor coils while
: driving the other).

&

<

: 2. The force output of the valve drive with up to a +3 ampere input (by
; recording with an x-y plotter the output of the force tramsducer vs the input
& current frow 8 separate DC ampifier).

i

E 3. The tiwme history of input, current output, force output and

enhancement pulse while holding the position input at zero volts. (The input
was varied at a rate of 0.4 volts per millisecond from zero to positive full
scale and from zero to negative full scale. The time history was recorded with
an FM instrumentation tape recorder in order to record the response cosrectly
and then transcribed to a Brueh chart recorder at a slower tape speed in order
make a strip chart record.)

XA

SIS

Test Results Ef_‘:

o
During the initial checkout, it was found necessary to modify the force Ne
enhancemecunt electronics. The first modification was a reduction of the U, Qf

supply voltage to 5 volts. This was necessary because when 17 volts DC (near
the rated maximum of 18 volts DC) was used as the supply voltage, the positive
and negative enhance pulses would both be applied when only one was commanded.
The Becond modification involved the solid state relays. Because of transient
suppression dicdes built inio the relays, the relays drew excessive current.
The circuit modification to solve this problem involved adding D¢ and Dy
isolation diodee to prevent a power supply shorting mode. No othe -

modifications were required ftor satisfactory operation of the electronics for )
the force ephancement operation.

Figure 72 is a plot of the velocity motion of the valve and modified force
motor assembly. Since the ccil of the force motor was wound with two coil
i sections, the output motion was measuired by driving one coil with a
iﬁ servomplifier and moritoring the voltage generated by the second coil moving in
the magnetic field of the force motor’s air gap. For this plot, an input
current of +1.0 ampere was used. At 1 Hz, a stroke of #0.024 inches produced an
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output voltage from the monitor coil of +0.2 volts. From Figure 72, the
frequency at which the phase angle has undergone a change of <90 degrees from
the low frequency phase angle is nominally 50 Bz. This frequeucy is the
natural frequency of the control valve with the stiffoness of just one
suspension. With both force motors connected to the control spool, the
resonance frequency of the assembly will be near 65 Hz since the stiffness of
the assembly is doubled while the moving muass is increased by a factor less
than 2 (the spool mass dominates the moving mass of the assembly). The
resonance peak of the velocity (deviation from a straight lime rise of 6
Db/octeve) ie +2.5 Db. This corresponds to a second order system damping ratio
of 0,45. The damping of the resonance peak is created by a combination of
viscous damping of the coil in the oil filled force motor and the eddy current
damping of the coil in the magnetic field.

Figure 73 is a plot of the force output of the modified force motor with an
input current variation of +3 amperes. This plot was mnade using a Crown 300A
amplifier rather than the normel servoamplifier useo with the direct drive
valve (since the normal servoamplifier is limited to 2 amperes output steady
state). This plot verifies the linearity of the force motor operation over the
current limits of the force enhancement. Note that the linearity is within 2%
full scale over the +3.0 ampere range of the input curreat.

Figure 74 is a plot of the force ocutput of the modified force motor with the

normal servoamplifier providing the excitation current. The linearity is

similar to that shown on Figure 73. Because of the expansion of the imput

current gcale, scme hysteresis appears at the ends of the plot. The hysteresis
s £

s e ~ Lya £ asnl o 2o S S |
a¢ shown or Figure 74 i3 3 reflection of the friction in the suspeusion and
spool.

In order to produce a hard copy of the force enhancement input-output
time history characteristics, the data was first recorded on a Hewlett-Packard
Model 3960 4 channel FM wmagnetic tape recorder at a recording speed of 15
inches/second. The dasta was then pleyed back at 15/16 inches/second into a
Gould-Brush Model 200 strip chart recorder at a chart speed of IOQ
millimeters/second. This conversion produced s time scale of 6.25 x 107

seconds/division for the strip chart dats presented in Figure 75 and Figure 76.

Figure 75 showe the force enhgncement operation in response to & negative ramp
input for the forward path error signal. Whea the ramp asuwplitude reaches -8.2
volts (2092 of the normal forward path error voltage level for maximum actuator
rate), the force enhancement circuit is activated. Note that as the error
voltage ramp builds up, the inpuk current to the coil increases to 1.5 amperes
and the output force increases to 14 lbs. These levels are the normal
saturatior levels for the servoamplifier and modified force motor. The normal
saturation levels are achieved when the foward path error voltage reaches -4.3
volts. When the force enhancement is activated, the input current into the
coil increases to 3.1 amperes for 0.005 seconds. The output force rises for
the same time period to a peak value of 36 1bs. The 36 1bs i8 greater than the
value of 31 1bs expected from the steady state force gain of 10 ibs/ampere
measured. The 5 lbs difference is the overshoot associated with the step
response of 8 syster with a damping ratio less than 1.0, The slight force drop
off before the current pulse is removed is associated with the overshoot of the
step response of the system. The force build up takes nominally & milliseconds
to reach the peak value. Note that the enhance pulse of 4 volts as shown on the
lower trace of Figure 75 defines the time limits of the force enhancement.
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Figure 76 shows the force enharcemeut cperation in response tc a positive =mp
input for the forward path error. The operation is very similar to neg.. ve
rawp input. The second order reesponse charackeristice of the output force i8
evident in the force response trace after the removal of the enhance pulse. The

peex output force level obtained is -36 1lbs, corresponding to & current level
-3.1 am pexes.

Conclusions and Recommendations

The investigaticn verified that the output force of a moving co0il torce motor
can be doubled on aa "&s required" basis to provide short term chip shearing
capability. The energy storage technique used in this investigation minimizes
the weight and volume penalties of providirg additionsal force capability for &
moving magnet or coil force motor. The technique can also be applied to a

moving iron force motor as long as the soft irom circuit remains relatively
unsaturated.

The force enhancement technique used for this investigation was applied to only
one of the four driving coils of tne Jdirect drive control valve. If applied to
the original flight test configuration with the normal iinkage gains, the
available force for driving the spool would increase from 80 lbs to 160 1bs.

The breadboard hardware configuration is a good application for a dedicated

microprocessor, since the force enhancement electromics involve only logic
funcrions amd timing circuits.

It isc recommended that the energy storage force enhancement be comsidered in
the design of a flight control system using direct drive. The technique allows
meeting chip shear force requirements while designing the normal electronic
driver for the force required tu position the spocl against the normai flow
forces and guspension spring rates.
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SECTION V.,
DIGITAL IRTERFACE 3TUDY FOR HYDRAUGLIC CONTROL SYSTEMS

General Diescussion

Applying a digitsl computer as a controller for a hydrasulically powered control
system requires specisl consideration at the points of interface. The digital
controller operates from a time base with inforuation processed in a binary
format made up of discrete signals. The hydraulic portion of the control
system is analog and operates in real time. The study described in the
following material was an evaluation of the effect of a pulse width modulation
interface on the life of the analog electrohydrsulic hardware.

Interface Overview

Figure 77 illustratee the interface areas typical with using a digital
controller with an spelog electrohydraulic control system. As shown inm this
figure, the interface both in and out of the digital controller is a
conversion. An analog to digital converter is used for the inputs to the
controller and a digital to unalog converter for outputs to the
electrohydraulic portion of the controi system. The inputs to the system and
the feedback signals can be either analog or digital. The input command can be
from aoother computer o7 au analog signal. The feedback signal fivw ihe ouipui
of the electrohydraulic control system caa be rreated by a digital encoder or
an anglog output transducer. Although direct comnversion of the digital output
of the controller to valve flow commands have been accomplished within the
servovalve irn research prograws, the generally accepted interface between the
digital cuntroller and the electrohydraulic servovalve use one of the following
two techniques:

a. A digital to analog converter (D/A) (as shown in Figure 77)

b. Fulse Width Modulation (PWli)

The use of a D/A converter provides an analog signal to the servovalve which is
wuch like that which would exist if the control system used an analog
controller. The pulgse width modulation signal is created by the controller
und i8 a form of bimary output suitable for driving the electrohydraulic
contcol valve. The advantages of the PWM technique over using an A/D converter
and analog emplifier are simplicity and size. The size adventage comes from
both the elimination of the converter module and heat siok necessary for half
power cooling of an analog amplitier. Because the PWM output is a two state
output (on or off), the power dissipatioa in the cutput switching devices is a
minimum for any output power required to drive the electrohydraulic servovalve.

Usivng a digital controller for an analog system operating in real time requires
attention to be given to the foliowing three basic parameters:

1. Update rate (sample rate)

2. Throughput time

130
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3. Signal resolution

Update Rate

The update or sample rate used by the digital controller is determined by the
dynamic performance requirements of the total system. Based upon test results
of using a digital contxoller with an electrohydraulic systen (reference report
AFFDL-TR-77-30), sampling at a frequency & times or higher than the bandpass
frequency of the control system is recommended. The bandpass frequency is
defined as the frequency at which the amplitude ratio of nutput to input is

artenuated by 3 Db or the output lags the input by a phase angle of .9 degrees,
whichever frequency is [ower.

This criteria for the sampling frequency is comsistent with ssmpling at a
minimum of 2 times the highest frequency of interest in order to prevent
aliasing (the Shannon sampling theorem). Consider that the typical rolloff rate
of the amplituds ratio for am electrohydraulic actuator system ie 20 Dh/octave
for a first order system (one in which the servovalve response is at least 10
times higher than the control loop response) or 40 Db/octave for & second order
system (where the servovalve frequency response is 2 to & times the control
loop frequency respouse). In choosing the sampling frequency, the selection of
the "highest frequency of interest" determines the sampling frequency. The
frequency at which the output amplitude is attenugted by 40 Db is a
conservative choice for the "highest frequency of interest”. The frequency

response of a control system is normally measured at an input amplitude of frow
2% to 5% of the weximuw Comwand lapui {Coriespondiug io the vame percentage of
output deflectior). Attenuation of 40 Db from a 5% output would be where the
output amplitude decreases to 0.051 of the maximum output. Jhis frequency for a
second order system would be nominally a decade (10 tir.es) higher than the
system bresk frequency. This would require sampling at a “requency 20 times the
break frequency to ensure that the amplitude of any aliasing of the output
sigaal was below 0.05% of the maximum output amplitude. For the minimum 8
times criteria for the sampling frequency, assuming a second order roll off of
40 Db/decade and & 5% input command, the output amplitude at the frequency at
which alissing would occur is 0.315Z of the maximum output smplitude, a level
which may be acceptabie for most systems.

Throughput Time

PR WL e s e

The throughput time sssociated with the digital controller appears as a time
delay in the control loop. The throughput time is the time pericd between when
an input is sampled and the appearance of the con'teller output corresponding
to the sampled input. The time delay causes a phase lag which is directly .
proportional to the frequency of the input s:9nal. This phase lag atfects the
closed loop stability. Decreasing the computational time and the time betwcen

samples decresses the time deiay and the associated phase lag at each .
frequency.

1Y NTWLSN LTI NS M TR T

Resolution

: The accuracy of the controller output can be predicted by scaling the digital
) input /output value to the full scale analog signal value. The digital word

used with electrohydraulic control systems is normally 8, 12, or 16 bits.
: Each digital word coverted by an A/D converter will have 1 or 2 bits of
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uncertainty due to the signal to noise ratio of the input signal. The loss of
resolution associated with 2 two “least significant" bits lose is as followsa:

a. 8 bit word 3/28  x 100 = 1.172% full scale
b. 12 bit word 3/212 x 100 = 0.073% full scale
c. 16 bit word 3/216  x 100 = 0.005% full scale

1f the analog signal is not scaled to the maximum digital word value, the
resolution loss as a percent of full scale will increase proportionately.

PN Interface

For a conventionnl two stage electrohydraulic servovalve, & bipolar input of
less than 20 millamperes at 15 volts is required. The output flow from the
valve is proportional to the input current. Figure 78 shows a typical PWM
signal, generated by producing a pulse within a constant time frame "T". The
on time is proportionmately commanded by the digital word of the controller. In
the case of the 12 hit word with a total count of 4,096 {representing T), a 50%
pulse width would be represented by a count of 2,048. The resolution of the
pulse width is much the same as that of the digital to analog converter since
each count reprecents a portion 1/2% of the pulse on time.

Technical Approach

The investigation conducted for the interface research activity was directed at
evaluating the effect of operating ccnventional servovalves for extended
periods of time with a pulse width modulated signal. Since the pulse width
driving signal has a large amount of high frequency emergy, the potential for
increased wesr and/or shortened service life of the servovalve was conmsidered
to be a possibility. The approach used for the evaluation waé to use two
electrohydraulic servovalves operating with the same hydraulic pressure and
fluid uuder the same load conditions. One valve was driven with a PWM signal
and the other with an analog signal. Performance mcasurements and visual

inspections were used to evaluate both the absolute and relative degradation of
the valves with operating time.

Two new Moog Model 76 servovaives were used for the evaluation. Both
servovalves were operated for 300 hours with an input of 50Z full scale gt a
frequency of 10 Hz. One valve was commanded with a pure analog sine wave. The
other valve was driven with a PYM signil with an update frequency &4 times the
rated frequency respouse of the valve.

In order to evaluate the effect of PWM on control valve edge erosion, the
cylinder ports of the servovalves were interconnected with a restricting
orifice set to flow 1 gallon per minute at 3000 psi differential pressure.

To evaluate the trend of wear, four data sets were used. The baseline set of
data was taken prior to estart of the test cycling and documented the
performance of the valves as received. The same set of measurements were made
on the valves after 100 hours, 200 hours and 300 hours of operation. The data
taken included flow and pressure gain plots. The visual wear treunds were

recorded using examination under a microscope and macro photographic
techuiques.
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Interfsce Evaluation Test System

Figure 79 is a schematic representation of the test system. The test setup
consiasted of two parts, the electronic control section and the hydraulic supply
and load aystem. Note that the same signal source was used for driving both
the analog and PWM electronic driving sections for the servovalves. Figure &
is a photograph of the test hardware. During the 300 hour test, the system was
instrumented full time with a digital thermometer, hour meter, hydraulic
pressure transducer and flow meter. The two test units at the left center of
Figure 8 are the units which generated the PWM signal from the analog input
signal.

Electronic Control Description

An electromic control card was fabricated in order to provide & sinusoidal
signal at 10 Hz as an input to the PWM and analog driving sections. Included
on the card were the analog and PWM drivers for the servovalves. Figure 80 is
the schematic of the control card’s circuit. A Wein Bridge Oscillator was used
to generate the 10 Hz sinusoidal signal. The output amplitude of the oscillator
was adjusted to *6.2 volts peak to peak. The output of the oscillator is
connected co the servovalve driver through potentiometer Rc. For the cycling
tests, Rg was adjusted to provide #2.0 volts peak to peak Prom the servovalve
driver to the analog driven servovalve. This corresponded to an input current
of 0.010 amps which was 50% of the 0.020 amps required to produce maximum
output flow from the valve.

As shown on Figure 80, the PWM signal was genmerated from two units, a Digital
Hardware Votor Monitor Tester (DHVMT) and a Digital Hardware Voter Monitor
(PHVM) originally produced as part of an AFWAL DAIS program. A description and
test evaluation of the DHVM is described in report AFFDL-TR-77-30. The DEVMT
is an A/D converter with a variable ssmple rate capasbility. The output is a 16
bit word transmitted in parallel to che DHVM, The DHVM converts the 16 bit
input into a PWM signal with variable pulse width. For the test evaluation of
the servovalve, the DHVMT was set for 1,000 sampies/second and the DHVM was set
for 244 updates/second.

Hardware driven with a PWM signal normally has high frequency response roll off
frequency above which the amplitude to which the hardware responds attenuates
at a minimum rate of 20 Db per decade of frequency increase. The roll off
characteristic is used as a low pass filter to "decode" the PW¥ input. The PWM
signal with t = T on Figure 78 represents 109% modulation and maximum amplitude
of the low pass filtered output of the hardware being driven by the PWM signal.
Correspondingly, when t =0, 0% modulation occurs and the minimum amplitude
output occurs. The waveshape of the pulisewidth driving signal is a series of
square wave pulses. The frequency content of these square waves is determined
by the time duration of each pulse. The time duration is a direct function of
the update frequency of the PWM signal and the percent modulation. For example,
for a square wave of time duration duration T, the frequency content of the
pulse has no attenuation up to a frequency of 0.1/T Hz. The amplitude of the
frequency content attenuates over the frequency range of 0.1/T to 1.0/T Hz. The
attenuation is from an amplitude ratio of ! at 0.1/T Hz to zero amplitude at a
frequency of 1.0/T Hz. For examwple, with T = 0.00205 seconds (which is one half
the period corresponding to 244 update/seconds), the frequency content has nc
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attenuation up to a frequency of 48 Hz and is attenuated less than 3 Db at 289
Hy. The frequency coutent is tero amplitude at 482 Hz.

Note as shown on Figure 78, both positive and negative amplitude square waves
make up each pulse period, with the time for each square wave being equal at
zero commanded flow, Since the control valve sees alternating positive and
negative square wave inputs at "0" flow command, the flow control spool will
alternately move in one direction and then the other from the null position.
If the update frequency is higher than the frequency at which the valve can
respond well, the valve s8pool does not respond at a large amplitude and there
is very little increase in quiescent flow due to the use of the pulse width
drive. However, the input stage (the torque motor plus flapper nozzle or jet
pipe) normally has a higher frequency response capability than the total valve
and can be driven to large excursions by a low update rate. The pulse width
update rate is an independent parumeter and can be set at an arbitrary value.
To prevent problems with exciting resonant modes and/or fatiguing components, a
safe approach to selecting update rate is to use & rate well above the highest

frequency which the components of the valve can reepond with significant
ampli tude.

The ampl®tude of ripple on the system output depends on the amount of
attenuvation of the amplitude of the frequency content of the PWM driving signal
by the roll off of the system response. For a second order system with a roll
off slope cf 40 Db/decade, the natural frequency defines the cormer frequency
for the start of the roll off. Because of the more rapid attenuation with
increesing frequency compared to the first order system (with its 20
Db/decade), for a given ripple level the frequency ratio between the PWM update
frequency end the natural fregquency of the second order system (above which the
roll off starts) will be smaller than with the first order system. A typical
aerospace two stage scrvovalve has a response is that of a second order system
with a natural frequeucy of 100 to 150 Hz. The ripple frequency can have
positive effect on the control system by acting as a dither signal which will
reduce the effect of static friction snd/or silting on threshold.

Since the output of the DHVM was two stage (0.5 vclts "io" and 3.5 volts "hi"),
a8 servo driving circuit was required to convert the DHVM output to a *10 volt
square wave. The PWM driver shown ir Figure 81 used an offsct input into the
driving operational amplifier. The driver output also incorporated a dummy
vaive RC cirruit as a8 switch selected load in order to set up the duty cycle
for the test servovalve at 50% of the full scale current.

Test Valve Description

The valves used for the evaluation are valves manufactured by the Industrial
Division of Moog. The valve specifications are:

I. Model o . . v v v v v 0 v v v v . . . . AD76-771

2. Rated Supply Presssure . . . . . . . . 3000 psi

3. Rated Flow @ 1000 psi AP . . . . ., . . 10 gpm

4, Coil Resistance . « « v o « o « o « o » 200 ohm (dusl coils)

5. Rated Curvent (max flow) . . . . . . . 0,020 amperes (single coil)
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6. Frequency Response (900 phase lag) . . 75 Hz @ 4% rated current

7. Lap Specification « « « « ¢« « « s o « « 3% underlap

8, Serial Number . . . . . . . . . . .. . 120 (analog driven valve)
128 (PWM drivea valve)

The model A076-771 valve was manufactured with the underlap condition specified

N above in order to lower the valve pressure gain for a load control application.
. Figure & is 2 representative cutaway view of the valve. The areas that were .
g expected to show the most sigpificant wear were the bsll at the end of the

v, feedback wire and the groove it which it operated. The ball and grcove are
¢ normully & lapped fit at original assembly. Any clearance in this area will be
! indicated by nonlicear flow and pressure gain around 0 input. The spool and
i sleeve are ncrmally also a iapped fit to a diameteral clearance of 50 x 10-t
E’H inches. Excessive clearance and contrcl edge erosion will show &8s increased
}4 leakage, lower pressure gain and & decrease in null flow gain.

3

Hydraulic Circuit

E} Figure 33 shows the hydraulic test circuit used for the evaluation. A 15 gpm
g; at 3000 psi hydraulic supply using MIL-H-5606 hydraulic oil and 10 micron
&ﬁ filtretion was connected to the servovalves. Note that the C; and Co
g servovaive ports were connected to system return through orifices sized to flow
%’ 1.0 gpm at 1000 pei differential pressure. The ovifices were initially
?; Lostalled to conmect C] and C, together for each servovalve. However, at the
& start of testing, it was appsrent that considerable heat was generated within
;; the test block and retained in the block. The heat generation resulting fiom

A3
3

passing flow through the orifices wss expected. However, with the 10 Hz c¢rivinog
frequercy of the valve and the several feet of hydraulic lines between the
orifice test block and the servovalves manifolds, there was very little steady
state hydraulic flow through the orifice block to return. The oil in
connecting lines tended to be pumped back and forth through the orifices rather
than circulationg iote *he test block and out to the pumping stand returnm.
By porting the fluid “v. . o:e side of each orifice directly to return, the
temperature rige of the .. :rice vlock was minimized. The disadvantage of this
loading method was that servovalve cylinder-port-to-return valve spocl edges
were metering less tluid and would show less erosion effects.

Test Results

Base lipe deta was recorded prior to the start of the cycle testing.
Examination of the feedback balls and the control spoole did not reveal any
destinctive patterne or imperfections. Figure 84 and 85 are sample photographs -
of the sardware’s initial status.

Figure 46 and 87 are the base line pressure gain plots for the test valves ‘
serial numbers 120 and 128, Rote the deadband in the pressure gain plots. This

Yy characteristic was undesireable for the original intended use of the valves in

the control of a loading 3ystem. The characteristic cauvsed the valves to be

rejected for the load system application, making them available for the
interface test program. Since only changee of the pressure gain during th=e
evaluatiopn testing was important for the interface testing, the valves were
satisfactory for the interface esvaluation.
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Figure 84. Base Line No. 120 Feedback Ball Photo 35X Actual
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Figure 88 and 89 are the bsse line flow gain plcts for the test valves. The
P¥M drive servovalve serial nue-ber 120 shows & flow gsain of 0.87 gpm/wmilliamp
for poesitive current inpute and (.95 gpm/milliamp for negative curreant inputs.
The analog driven valve’s flow gain as shown on Figure 89 is (.00 gpm/millizmp
for both poeitive aund vegative current inputs. The null leakage of nominally 1
gpm for both valves is due in a large part to the 2X underlap specificaticn to
vhich the valve was wanufactured. The flow was measured by &8 flow meter placed
in the return line from the valve. The flow therefore includes both the first
stage quiescent flow and the second stage leakage flow.

Table 1 is a tabulation of the recorded flow and pressure gains measured
during the teat program. Note that the servovalves were tested before cycling
end after each 100 hours of operation. Note that the flow gain iuncreases
slightly on both valves with increasing operaticnzl time. Thie is consistent
with the wear characteristic of the feedback ball., As the ball wears in its
groove on the spool, the spool is required to move further for the feedback
wire to cancel the torque motor’s arcature torque. Note that the data points
for the hysteresis and leakage for the 100 hour data point may be erroueous.
The general trend for both vaives was a general decrease in thresholds and
pressure gain and an increase in the flow gain.

TABLE 1,
PWM Dats Suamary
VALVE/TEST
POINT, BOUR FLOW PRESSURE PRESSURL
FLOW GAIN HYSTERERSIS LEARAGE GAIN THRESHOLD

S/N 120 + - + - + - + -
PWM GPM/MA GPM/MA  _MA M GPM__ PSI/MA _ PSI/MA LA MA
0 0.87 0.95 0.40 0.20 0.9 2.6x103 11,8103 1.05 1.5
100 1.05 0.98 £.02 0.05 1.0 1.&1203 1,9¢103 0.7 1.1
200 1.05 .05 0.16 0.16 1.2 1.9x103 1.3x103 0.8 1.5
300 1.00  1.05 0.08 0.16 1.2 1.3x103 1.3x103 0.8 1.3

S/N 128

ANALOG
0 1.00 1.60 0.}0 0.10 1.0 2.8103 2.2x103 0.8 1.4
100 1.05 1.09 0.24 0.20 1.4  1.0x103 1.3x103 1.20 1.5
200 1.08  1.08 0.0 0.10 1.2 1.7x103 1.9x103  o0.7¢ 1.3
300 1.05 1.11 0.28 0.10 1.2 1l.2x103 1.3x103  o0.60 1.2

Physical inspection of both valves showed changes in the condition feedback
balls and spuvol edges. At the end of the 300 hours of c¢ycling, the control
spool edges showed some erosion, In addition, & polished appearance over the
first 25% of tne pressure coutrol lends was apparent. The remainder of the
spool larnds and the return lands had a buroished surface finish. Figure 90
shows the surface condition of the spool landse. The polishing effect was
attributed to the high velocity of the flow metered by the control edges of the
spoole. The appesrance of both the analog and PWM driven spools wae similar.
Both feedback balls had a similar wear pattern. The patterns were ciwvcular in

shape and developed where the feedback balls contacted the control spool. The
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wear pattern measured at 0,002 iuches in diameter. The patterr resuited in a
0.0001 inch disameteral difference between the ball diameter at the wear pcoints
and the diameter at 90 degrees from the wear patterns. The reduction in
threshold shown on Table | measured during the sequence of data taken and the
observed wear iudicated that the valve spuols were undergoing a reduction in
mecharical friction during the testing. Photographic documentation of the ball
vear was not successfu] becsuse of lighting and equipment limitations,

Problams were encountered with portions of the test system during the 360 hours
of testing. With horh the analog driven valve and the PWM valve test setup,
there occurred O-ring failures of the MIL standard straight thread fittings
where they screwed into the test hlocks. Failures of the face seals between
the manifold &nd the servovalves also occurred. The O-ring failures were low
leakage rate failuree (weeping) rather than a steady siream. Examination of the
failed seals revealed a nibbling wear p. ttzrn, apparently caused by pressure
pulesations., There was no obvious difference ir the O-ricg failure
characteristics between the analog and PWM driven valves. The cause of failure
would appear to be the 10 Hz cycle frequency at 502 amplitude rather than
energy asscciated with the 244 update frequency content. During the testing,
one of the two wmanifolds used to mouut the eervovalves developed a crack
between the threads of a fitting port and the surface of the manifold. The
particular wanifold that failed was a comnercial off-tke-shelf aluminum block
that incorporated straight thread ports for 1 inch tubing. Reducers were used
in the ports to adapt to 1/2 inch or 3/ 8 inch diameter tubing as required. The
block faiied after 196 hours of test.ng and was modified to allow completing
the test sequence. The block that failed was used with the PWM driven valve.
However, since the manifold block used with the analog drive valve was of a
different desigrc ‘smaller ports and 2024-T351 aluminum), the block failure
cannot be attributed to PWlM drive. The block fallure does emphasize that the
pressure variations assccia.ed wiih high rirequency driving of hydraulic systems
can fatigue components in the system and that the system havrdware must oe
degigned for that service.

Conclusions and Recomwmendations

Pulge width modulation. as competed ¢c the analog drive of the twc stage clec-
trohydraulic valve did not create any pcoblems for the same operating time
period. The 244 Hz update frequency for the PWM drive was low enough (less
than 4 tiwes higher than the frequency response rating for the valve) to have
potentially excited tte armature resonance of the valve. The low update
freruency did not cause any apparect problem with the valve. However, it is
recommended that a PWM update freguency 10 times greater than the upper
bandpass frequency of *the valve be used. This is high enon~" *o0 wminimize
exciting any high frequency wechanical resonsncee in the va < the system
with which the velve is used. Since the servovalve respcnse attenuates with
increasing frequency, the higher the PWM frequency, the lower the pressure
pulses introduced into the hydraulic liues because of the PWM centrol.

The digiral controller’s output which generates a PWH signal is two state,
normally "zero” and 5 volts. The servovalve is bipolar, sc that the "zero"
output represents one analog input extreme and the 5 volts repres2nts the
other. If the digital controller fails, the output will then go to one state
or the other, driving the analog system intc & hksrdover failure. This

characteristic should be addressed in the redindancy management of a system
using PWM for control valve driving.
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The PWM technique of interfacing digital controllers appears to be a viable
cost effective alternative to digital/analog converters. Withio the
constraints of dynamic compatability and failure modes for a particular system,
it i8 recommended as interface method.
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SECTION VI.
AIRCRAFT ENERGY STOBACE STUDY

Objective

The object of the energy storage study was to determine feasibility of reducing
the pumping capacity of a current aircraft’s hydraulic system by using
accumulators to store hydraulic energy.

Background

The hydraulic power demands of the flight control syster of an aircraft vary
greatiy during a typical flight. Normally, the hydraulic pumping system is
8ized to meet the peak flow demand of the flight control system (witn the
pressure of the pumping system maintained at a constant level). Variable
displacement pumps are generally used to accommodate the changes in the flow
demand ot the pumnping system. The hydraulic pump and conn2cting lines are
sized for the peak demand on the pumping system. The pumps and lines are
therefore larger than they would be if sized for average flow demand.

The flow demands from the pumping system supplying a ilight control system are

generally orestasgt during glow epasd n?ovnfw en with air turhulence (guch 35

during landxng) Under these condxtxona, large surface movements are required
to maintain a desired flight path. With the development of highly augmented
aircraft (with aircraft wmotion sensors providing inputs to the flight control
system), the flight control activity is increased over that of un-augmented
sircraft. The motion sensors generate control inputs with Ligher frequency
content than a pilot is able to produce. The motion sensors command large
flight control surface motions, particularly when the aircraft experiences air
turbulence. With the acceptance of Fly-By-Wire flight controi systems and
their ability to easily incorporate augmentation t2chniques, there is a trend
for increased control syetem activity which places large short dura.ion flow
demands cn the hydraulic supply system. This is particularly true for the pitch
axig of control systems for aircraft designed with relaxed static stability.

The accumulators used in current aircraft are generally instelled as a single
accumvlator for each hydraulic systewm. The accumulator is irstalled rosr the
discharge port of the system”s hydraulic pump and is sized to minimize pump
related output pressure variations. Where more than one pressure source is
provided to the system requiriog hydraulic power, the accumulator is sized to

ninimize the output pressure drop during the startup of/or transfer time to a
second system.

Using distributed accumulators for energy storage in order to allow the
hydraulic lines and pumps to be sized for average flow instead of pesk flow
offers sn attractive alteruative design approach to alrcraft hydraulic system
design. The approach potentially allows using smaller hydraulic lines and
hydraulic pumps. The approachk does require establishing the flow demand
profile for the particular sircraft design. If used in 2 new sircraft desi1gn, a
simulation of the aircrafit”s contzol system power requirements for the most
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demanding flight conditions would have to be run. The relationship between the
pesk and average flow for sach control actuator would have to be measured as a
time history, and each accumulator sized for the particular actuator based upon
the acceptable pressure degradation during peak fiow demands. Unlest check
valves are used to prevent reverse flow during peak demand ccnditions, the
accumulators will tend to assist each other in providing the peak flow. The
degree of assistance will be determined by the pressure/flow relationships for
the interconmecting hydraulic lines. As with other aircraft design areas, the
use of a simulation model as a tool is required to achieve an optimur design.

Investigation Technique

The General Dynamics F-16 airframe was selected as a study case since it was
representative of a state-of-the-art high performance fighter. The F-~167s
flight control characteristics were avallable and the flight envelope defined.

Pata for evaluating the peak and average flows fcr the F-16 aircraft was
obtained from an AFTI/F-16 simulation conveniently being condrcted ¢n the
LAMARS moving body simulator by the AFWAL/FIGD at the same time as the erergy
storage study. The flow demand of the flight control actuators was nbtained
from the control surface rates generated by the simulation with different
pilots under various flight conditions.

For the investigation, the flow demand for each flight control actuator (as a
function of control surface rate) shcwn in Table 2 was used. The values listed
in Table 2 were obtained from AFFDL-TR-76-119.

Table 2.
Flow Demand
Flow Dewand Maximum Flow Max,
Control Each Surface Maximum Rate Demand Each Surface Req”d
Surface GPM/Deg ./Sec. Leg./Sec. Surface in GPM Quantity Flow
Flaperon 0.139 60 Deg./Sec. 8.34 2 16.68 .
Horizontal  0.128 18 Deg./Sec. 2.30 2 4.60 R
Tail A
P
Rudder 0.035 120 Deg./Sec. 4.32 ) 4.32 ey
l.:\‘:\"
Leading Edge 0.122 112 Deg./Sec. 13.40 2 13, 40%* PN
Flaps* B!
’ 33:1
R
* The flaps on the normal F~16 sircraft are not continously modulated. The
purticular efimulation included modulation of the flaps to increase mancuvering -:.x}.-
capatility. The flow demand for the leading edge flap drive was included in ;-\.}}Zj
the total flow demand data. O
DN
** The flap drive is a central vnit with two hydraulic systems supplying the a0
hydraulic power. The maximum flow derand on each hydraulic system by the ~
leading edge flaps is 13.40 gpm. :\‘:\xj
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Iz addition to the flow demaud related to the surface rate, the coutrol
actuators have a steady state flow due to servovalve fizst stage quiescent flow
and internal leakage. For the first three coantrol surface actuators listed in
Tabie 2, the quiescent flow is 0.2 gpm (reference AFFDL-TR-76-119). This is a
small percentage of demand flow and can easily be accounted fcr wheo desigaing
ab energy storage system by using a corresponding decrease in rsting the
avairlable flow from the hydraulic pumping system.

The demand flow data to be anslyzed was generated by adding the flows
corresponding to the surface rates during the simulation runs. This allowed

creating a time history of the tota) demand on the supply svstem during
different asimulated aircraft flyicg taeks.

Data Amalysis

Figuve 91 is a ssmwple of the time history for the F-16 during a 3 g reversing
target chase. fFigure 92 is a sample of the time history for the F-16 during a
landing witn turbulence. Shown with tue demand flow time history is the time
bhistory of pitch rate and normal acceleration. Note that the demand flow
activity for the lending with turpulence is greater tham that with the 3 g
reversiang turn. Note glso that the pitch rate and pormal acceleration time
histories glso show greater activity during the landing than with the reversing
turn. Also shown on the two figures is the time history of the horizental tail
and flaperon control surfaces, Note that the surface activity (and
corresponding flow demard activity) in Figure .92 is greater than that in Figure

91, This indicates that of the two flight tasks, the landing with turbulence

creales the mosi severe demand on the hydraulic supply system.

The procedure used to analyze the data was to calculate from the flow demand
time history the quantity of fluid used over successive 400 millisecond time
intervals. The quantity of fluid used during each time interval is the area
under the demand curve for that time interval. The chart paper used to record

the time history has a grid which conveniently allows area determination by
counting squares.

The flow supplied by the hydraulic pumping system is the sum of the pump flow
and flow from the energy storage accumulator. For flow demands greater than
the pump output flow rating, flcw from the accumulator occurs, Wheun the flow

demand is less than the pump output flow rating, the pump recharges the
accumulatox.

The procedure used to evaluate feoasibility of the energy storaze technique was
to assume a pucp and accumulator size and plot the volume of fluid left ia the
accumulator as a fuaction of time. The volume of fluid left inm the accumulator
car be expressed in equation forz as follows in Equation 16:

Vo =V, Vp, - Vg (FEquation 16)

Where: \F is the volime demand during the incremental
time interval considered.

¥, is the voiume delivered by the pump during
tge incremental time interval considered.
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Vo~ is the volume availeble from the accumulator
at the beginnirvrg of the incremental time
interval considered.

Vg is the volume left in the accumulator at the
end of the incrementeal time interval considered.

Note that the accumnulator volume available to supplement the pump flow is
dependent on the permissible prassure drop in the hydraulic supply line. The
pressure head drop in th: supply lime is required for the accumulator to
discharge into the line. The permissible pressure drop depends upon the )
particular aircraft and particular contro]l surface. A pressure head drop o
results in a reduction of the hinge mcment available from the contrel surface s
and a reduction in the maximum surface rate. In additicn, the control >
actuators used in the flight control system may have pressure failure detection
logic which has a preset trip level. The F~16 15 such av aircraft since it -
uses failure logic that operagtes on pressure signals, The system is a 3000 psi L.
supply system. The flaperon, horizontal tail and rudder actuators will detect
supply pressure decay below 2000 psi as a failure. An energy storage
accumulator for rthe F-16 must therefore be sized tov deliver the required fluid
volume for & preasure drop less than 1000 psi.

For the data evaluation, the time history for the flow demand of all simulation
ruce was inspected to find "worst case" time histories for detail examination. g
The aircraft maneuvers for which data was obtained were combat and landing A
maneuvers. The combat maneuvers were chases of a 3 g reversiiwg target. Two ~
different pilote” runs vere rzcorded. The landing maneuvers were approaches
from 4.7 nautical miles and 1500 feet altitude with and without turbulence.
Ten ianding maneuvers were recorded, 8ix with turbulence and four with still
air.

Data Analysis Results

Several combinations of accumulator volume delivery and pump size were
iteratively tried in order tc establish a pump and accumulator size where:

a. The pump had sufficient delivery to recharge the accumulator during Cefa
low flow demand time periods.

b. Tre accumulator had sufficient vclume to meet the peak flow demands.

The final selectiun for the variable volume pump size was 22 gal/min. The
final selection for accumulator size was 115 in3, The preseuted results for
the data analyseis uses this pump and accumulator size. !

Figuree 92 through 94 show the time history of the flow demand of the aircraft
during the 3 g reversing target chase run. Figure 93 covers the first 20
geconds of the run, and Figure 94 covers the second 20 seconds. Not: that both
the accumulator discharge volume and the system demand flow are presented on
the figures. At the start of the run, the accumulator is considered to be fully
charged. Note that the demand flow curve reflects the 0.400 second time incre-
ment used in applying Equation 16 to the simulation test data.
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Note that for the manuever used for creating Figures 93 through 96, the demand
flow was totally supplied by the pump for most of the run. The accumulator was
discharged only 4 times during the 70 second run and then recharged almost
immedietely during the subsequent low flow demand intervals. The most severe
demand cccurred at t = 50 seconds with an average demand of 32.45 gpm for the

400 millisecond interval, Note that at t = 52 seconds, the accumulator had been
recharged.

Figures 97 and 28 show the time history of the accumulator volume available and
pump demand flow during landing with turbuvlence. The landing run lasts &0
seconds. As shown or Figure 98, the accumulator volume was dischavrged by 22
cubic inches at t = 32.8 sec. The accumulator was not recharged completely
before touchdown at t = 40 seconds. The maximum delivered volume from the
accumulator was therefore 22 in> for the entire landing run,

To supply a given volume of fluid, the size of the accumulator can be calcu-
lated from the following equatior for adiabatic conditions (Reference Greer

Olaer Products, "Sizing Accumulators For Their Use As An Auxiliary Power
Source"):

]
Vi (Py/pplie _
V) = (Equation 17)
1- (pyrpl/m
Tdhara u > Valiween A€ +hn mnncecwiVabne maanannnw— o meeee Ve
SAw A l AN L “a AT Q%L UILUVAC LY uc»cooo&_y [ V3 Buyy&]
the required volume of hydraulic fluid.

P = The gas precharge pressure in the accumulator.

<
()

x = The volume cf oil to be supplied by the accumulator.
P, = The maximum system operating pressure
P3 « The wminimum system pressure
u = Gas conmstant (1.4 for Nj)

Figure 99 graphically represents the relationships of Equation 17 with n = L4
tor mitrogen and 3000 psi for Py, Each straight line on the figure corres-
pouds to a differeut precharge pressure. Note that Equation 17 indicates that
the smallest accumulator eize for a given minimum syetem pressure occurs when
the precharge pressure is set at the minimum system pressure (P3 = P)). For

Figure 99, the straight lines correspond to different precharge/minimum systen
pressures.

From the graph of Figure 99, for the micimum system (and precharge) preasure of
2000 pei and a discharge flow of 22 in3, the accumulator size would be 0.175
gallors (40.4 ind), 1If a safety factor of two oo the amount of discharge
volume were ueed and 44 inJ was considered 2s the required discharge flow, the
required accumulator size would be 0.5 gallons (115 in3).
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Discussion of Results

The pump and accumulator size for the energy storage system for the F-16 are
dictated by the particular flight simulation results. The simulations used
were representative of two severe demand flight tasks. Tne landing task with
turbulence gave the greatest flow demand for the flight tasks used. Other
simulations may generate greater flow demand requiremeats and would have to be
explored for a final system deegign.

The pump size of 22 gpm for the energy storage system 1is comsiderably smaller
than the normal F-16"8 engine driven pump size of 42.5 gpm. The pump size more
closely matches the F-16 Emergency Power Unit”s output flow of 22.5 gpm at 3000

psi. The accumulator size of 115 in3 is siightly larger than the normal F-16"s
accumulator size of 100 in3J,

With a central accumulator energy storage design, the line sizes to the fligh:
control actuators are the same size 88 the normal systems line sizeg, since the
flow through the lipes does not chaage with the approach. The approach allows
trading off pump size with accumulator size. However, if a distributed system
of accumulators is used for the energy storage design, the line sizes are
saffected. If the accumulators are located at or near the flight control
actustors, the hydraulic lines vetween the pump and actvators are required to
handle only the pump flow, rather tham the pump + accumulator flow, For
example, 1f the pump delivery is reduced to 50X of the peak flow requirement
(with the accumulators making up the balance), the inside lire diameter for the
lines to the accumuiater can be reduced to the square root of 0.50 (0.707) for
the eame velocity of fluid, For example, for 3/8 in. outside diameter tubiag
(such as used on the normal F-16 for pressure and return lines), the inside
diareter for 0.046 wall tubing is 0.277 inches. The hoop stress in the wall
for 3000 psi fluid pressure is 8,479 psi. For 1/4 in. outside diameter tulbing
with 6,027 inch wall (which gives an inside tubing diameter of diameter of
0.195 or 0.707 of the 3/ 8 in, tubing inside diamerter), the hoop stress in the
wall for 3000 psi fluid pressure is 10,800 psi.

There are several advantages ip reducing the pressure line tubing size. The
3/8 in. diameter tubiug weighs 2.6 times as much as the 1/4 in. diametcer
tubing, not cocunting the weight of the fluid. Since the internal cross section
area of the 1/4 Lnch tube 18 1/2 that of the 3/8B inch tube, the volume of the
fluid in the pressure lines is reduced by 50%. For steei tubing with a density
of 0.28 1b/1n3 sad aircraft hydraulic fluid with a density of 0.031 1b/in?, the
3/ 8 inch tubinyg weighs 0.191 1b/ft. The 1/4 inch tubing weighs 0.0757 1b/ft
for a weight savings of 0.115 15/ft, An additioral advantage of the smaller
tubing is enhanced svrvivability. The smaller tubing is more easily routed
(because of size and smaller ellowable bend radii) into 'protected"” locations
and the swmaller size reduces the target ares of the hydraulic lines,

The use of the swaller pump size has both a weight and voiume ravings (as well
as reducing the peak loadirg on the aircraft engine). A smaller pump wiil
normally have lower pump leakage flow than a larger one. This leakage flow is
continuous and is similar to the quiescent leakage flow of the control
actuator’s electrohydraulic servovalves, Reduction of the leakage reduces the
load on the aircraft’s oil-to-fuel hLeat exchanger.
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Using distributed accumulators will require using the same simulstion procedure
as with a central accumulatcer to entablish the peak and average flow
requirements of each control surface. The flight task simulation yieldimg the
most severe demand on one control surface will not necessarily produce the most
tevere requirements for other surfaces. Therefore, in designing ao energy
storage system, care must be taken to ensure reliable flow demand dasta is
generaied by the simulations are run.

Conclusions and Recosmendations

1. The analysis of the simulation results gave the indicsted reduction in pump
size with only a slight increase in the accumulator size over the normal F-16
hydraulic system indicates that the F-16 supply system is conservatively sized
with respect to fiow demand. This is cousistent with the design of the F-106
flight comtrol actuators which detect low supply pressure ae a hvdraulic system
failure.

2. The use of the energy storage approach has the most potential payoff with
distributes accumulators for each flight cowtrol ectuator. The potential
payoff is in reduced supply tubing size, resulting in a weight and target size
reduction and a peak horsepower demand reduction on the engine.

3. The landing with turbulence simulation gave ths grertest flow demand, as
expected. In designing an energy storage system, simulations with low air
speed and turbulence appear to provide the most severe demands on the hydraulic
supply system for the flight cortrol.

4, For ftuture aircraft systems, sizing the hydraulic svetems Lo simultaneously
supply flow to all comtrol surfaces moving at maximum rate at the same time may
be impractical. The energy storage approach does provide an siternative
approach that appearc feasible and to have sufficient advantages to be
considered on a new aircraft design.

5. It is recommended that further investigation be conducted, particu.arily

with the distributed energy storage system, to better define advantages and
potential problems.
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